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Physical rehabilitation therapy is indispensable for treating neurological disa-
bilities. The use of robotic devices for rehabilitation holds high promise, since these
devices can bear the physical burden of rehabilitation exercises during intense the-
rapy sessions, while therapists are employed as decision makers. Robot-assisted
rehabilitation devices are advantageous as they can be applied to patients with
all levels of impairment, allow for easy tuning of the duration and intensity of
therapies and enable customized, interactive treatment protocols. Moreover, since
robotic devices are particularly good at repetitive tasks, rehabilitation robots can
decrease the physical burden on therapists and enable a single therapist to super-
vise multiple patients simultaneously; hence, help to lower cost of therapies. While
the intensity and quality of manually delivered therapies depend on the skill and
fatigue level of therapists, high-intensity robotic therapies can always be delive-
red with high accuracy. Thanks to their integrated sensors, robotic devices can
gather measurements throughout therapies, enable quantitative tracking of patient
progress and development of evidence-based personalized rehabilitation programs.
In this dissertation, we present the design, control, characterization and user
evaluations of AssistOn-Arm, a powered, self-aligning exoskeleton for robot-
assisted upper-extremity rehabilitation.
AssistOn-Arm is designed as a passive back-driveable impedance-type robot
such that patients/therapists can move the device transparently, without much
interference of the device dynamics on natural movements. Thanks to its novel
kinematics and mechanically transparent design, AssistOn-Arm can passively
self-align its joint axes to provide an ideal match between human joint axes and
iv
the exoskeleton axes, guaranteeing ergonomic movements and comfort throughout
physical therapies.
The self-aligning property of AssistOn-Arm not only increases the usable
range of motion for robot-assisted upper-extremity exercises to cover almost the
whole human arm workspace, but also enables the delivery of glenohumeral mo-
bilization (scapular elevation/depression and protraction/retraction) and scapular
stabilization exercises, extending the type of therapies that can be administered
using upper-extremity exoskeletons. Furthermore, the self-alignment property of
AssistOn-Arm significantly shortens the setup time required to attach a patient
to the exoskeleton.
As an impedance-type device with high passive back-driveability, AssistOn-
Arm can be force controlled without the need of force sensors; hence, high fidelity
interaction control performance can be achieved with open-loop impedance control.
This control architecture not only simplifies implementation, but also enhances
safety (coupled stability robustness), since open-loop force control does not suffer
from the fundamental bandwidth and stability limitations of force-feedback.
Experimental characterizations and user studies with healthy volunteers con-
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Fizik tedavi ve rehabilitasyon, nörolojik sakatlklarn tedavisinde vazgeçilmez
bir tedavi yöntemidir. Rehabilitasyon amaçl kullanlan robotik cihazlar, yo§un
tedavi seanslarnda terapistlerin fiziksel yükünü hafifletebilmektedirler. Robot des-
tekli rehabilitasyon cihazlar her seviyedeki hastalara uygulanabilmeleri, tedavi yo-
§unlu§unun ve süresinin kolay ayarlanabilmesine izin vermeleri, ki³ile³tirilmi³ ve
interaktif tedavi protokollerini gerçekle³tirmeleri nedeniyle avantajldrlar. Ayrca,
robotik cihazlar tek bir terapistin ayn anda birden fazla hastay tedavi etmesine
olanak sa§lamakta; bundan dolay her hastaya bir ya da daha fazla terapistin e³lik
etmesi gereken manuel tedaviye kyasla tedavi masraflarnn azaltlmasna yardmc
olmaktadrlar. Bunun yannda, uygulanan robotik tedavilerin nitelik ve yo§unlu§u,
terapistin hünerine ve yorgunlu§una ba§l olmayp, yüksek yo§unluklu robotik te-
daviler her zaman yüksek hassasiyetle verilebilmektedir. Robotik cihazlar, yapla-
rndaki sensörleri sayesinde, tedavi süresince ölçüm yaparak hastalarn geli³imini
nicel olarak takip edebilmekte ve kanta dayal ki³ile³tirilmi³ rehabilitasyon prog-
ramlarnn geli³tirilmesine olanak sa§lamaktadrlar.
Bu çal³mada, robot destekli üst-ekstremite rehabilitasyonu için tahrikli ve ken-
dinden hizalamal bir d³ iskelet olarak geli³tirilen AssistOn-Arm'n tasarm,
kontrolü, karakterizasyonu ve kullanc de§erlendirmeleri sunulmu³tur.
Pasif geri-sürülebilir empedans tipi bir robot olarak tasarlanan AssistOn-
Arm, hastalar ve terapistler tarafndan cihazn dinami§i hissedilmeden kolayca ha-
reket ettirebilmekte ve bu sayede egzersizlerin do§al bir ³ekilde gerçekle³tirilmesine
imkan vermektedir. Özgün kinematik yaps ve mekanik ³effafl§ sayesinde pasif bir
vi
³ekilde kendinden hizalamay gerçekle³tirebilen AssistOn-Arm, d³-iskelet ile in-
san eklemleri arasnda ideal e³le³meyi sa§lamakta, böylece fiziksel tedavi süresince
ergonomiyi ve konforu garanti etmektedir.
Kendinden hizalama özelli§i sayesinde AssistOn-Arm, hem üst-ekstremite ro-
bot destekli egzersizlerinin kullanlabilir hareket alann artrarak insan çal³ma
alann kapsamakta, hem de glenohumeral öteleme hareketleri (skapulaya ait ele-
vasyon/depresyon ve öne do§ru uzanma/geri çekme) ile skapular stabilizasyon eg-
zersizlerinin kullanclara uygulanmasn sa§layarak, üst-ekstremite d³ iskeletleri
tarafndan uygulanabilen terapi çe³itlili§ini arttrabilmektedir. Ayrca, AssistOn-
Arm'n kendinden hizalama özelli§i robotun hastalara ba§lanmas için gereken
süreyi önemli ölçüde azaltmaktadr.
Yüksek geri-sürülebilirli§e sahip empedans tipi bir cihaz olarak tasarlanan
AssistOn-Arm ile kuvvet sensörlerine gerek duyulmadan kuvvet kontrolü yapla-
bilmekte, açk-döngü empedans kontrolü ile yüksek fiziksel etkile³im kontrol per-
formans elde edilebilmektedir. Bu kontrol mimarisi yalnzca uygulamay kolayla³-
trmakla kalmakla kalmayp, ayrca açk-döngü kuvvet kontrolcüsünün kuvvet geri
beslemesine ait olan temel bant geni³li§i ve kararllk kstlarna tabi olmamasndan
dolay, ba§la³k kararllk gürbüz bir ³ekilde garanti edilebilmektedir.
Deneysel karakterizasyon ve sa§lkl gönüllüler ile yaplan kullanc çal³malar,
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Neurological injuries, such as stroke, are the leading cause of long term dis-
abilities. Among 15 million people that suffer from a stroke each year, about 5
million patients are left permanently disabled [1]. These disabilities not only
place a high burden on the welfare of patients, but also negatively impact
the contribution of these individuals to the society. Despite recent medical
developments, the number of stroke incidents continues to increase, due to
the ageing of population.
Physical rehabilitation therapy is indispensable for treating neurological
disabilities. Therapies are more effective when they are repetitive [2], in-
tense [3], task specific [4], and long term [5]. Repetitive and high intensity
therapies place physical burden on therapists, reducing the effectiveness of
therapies while increasing their cost. The use of robotic devices for rehabili-
tation holds high promise, since these devices can bear the physical burden
of rehabilitation exercises during intense therapy sessions, while therapists
are employed as decision makers.
Robot-assisted rehabilitation devices are advantageous as they can be
applied to patients with all levels of impairment, allow for easy tuning of
the duration and intensity of therapies and enable customized, interactive
treatment protocols. Moreover, since robotic devices are particularly good
at repetitive tasks, rehabilitation robots can decrease the physical burden
on therapists and enable a single therapist to supervise multiple patients
simultaneously; hence, help to lower cost of therapies [6]. Besides, while
the intensity and quality of manually delivered therapies depend on the skill
and fatigue level of therapists, high-intensity robotic therapies can always be
delivered with high accuracy. Furthermore, thanks to their integrated sen-
sors, robotic devices can gather measurements throughout therapies, enable
quantitative tracking of patient progress and development of evidence-based
personalized rehabilitation programs. Clinical trials with robot-assisted re-
habilitation indicate that this form of therapy is effective for motor recovery
and possesses high potential for improving functional independence of pa-
tients [713].
Active rehabilitation devices, utilized to treat upper-limb impairment,
can be loosely categorized as end-effector type robots [1417] and exoskele-
tons [1824].
End-effector type rehabilitation robots feature a single point of interaction
(an end-effector) with a patient and the joint motions of these devices do
not correspond to human movements. Therefore, without external restraints
applied to constrain patients, joint specific therapies cannot be delivered by
such devices. Similarly, measurements cannot be taken at the individual joint
level. Moreover, compensatory movements of the patient cannot be detected
or actively compensated using end-effector type devices. On the other hand,
end-effector type robots typically possess simple kinematic structure and may
be implemented at lower costs.
End-effector type rehabilitation robots can be further categorized as fixed
based and mobile. MIT-Manus [14], ARM Guide [25], MIME [26] and Gen-
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tle/S [17, 27] are examples of fixed based end-effector type rehabilitation
devices aimed for clinical use. In contrast, MOTORE [15] and AssistOn-
Mobile [16] are light-weight mobile platforms mainly aimed for home-based
robotic therapies.
Exoskeletons are attached to human limbs at multiple interaction points
and movements of these devices correspond to human joints, in contrast
to the end-effector type robots. As a result, exoskeletons are capable of
applying controlled torques to individually targeted joints and measuring
movements of these specific joints decoupled from movements of other joints.
On the other hand, exoskeletons possess more complex kinematic structure
compared to end-effector type robots; hence, are typically more costly to
implement. Exoskeletons designed for rehabilitation are generally fixed-base
devices aimed for clinical use.
Being able to target individual movements of human joints is the main
advantage of exoskeleton type rehabilitation robots. An imperative criteria
for the design of exoskeletons is to ensure the correspondence of human joint
axes with the robot axes. Misalignment can occur since human joints are
not simple revolute joints, the exact positions of the human joint axes can-
not be determined externally without using special imaging techniques, and
placement of human limbs on the exoskeleton may change from one therapy
session to another [28,29].
Misalignment of joint axes results in parasitic forces to be applied to
patients around the attachment points and at the joints, causing discomfort,
pain, and even long term injury under repetitive use. Most importantly, axis
misalignment may promote compensatory movements of patients which can
inhibit potential recovery and decrease the real life use of the limb [30].
3
1.1 Contributions
This dissertation presents the design, control, characterization and user eval-
uations of AssistOn-Arm, a novel, powered, self-aligning exoskeleton for
robot-assisted upper-extremity rehabilitation.
i) AssistOn-Arm can passively follow and actively deliver both rota-
tional and translational movements of shoulder and elbow while ensuring
ergonomy. AssistOn-Arm can deliver glenohumeral mobilization (scapular
elevation/depression and protraction/retraction) and scapular stabilization
exercises, rehabilitation protocols and exercises related to physical rehabili-
tation of human arm. As an active exoskeleton, it can restrict undesired com-
pensatory movements, assist or resist targeted joint movements, and provide
measurements.
ii) AssistOn-Arm is a self-aligning exoskeleton, which aligns its joint
axes with human axes, passively. This property not only guarantees er-
gonomics and comfort, but also extends the range of the exercises can be de-
livered during rehabilitation processes. This self-aligning feature significantly
shortens the setup time required to attach a patient to the exoskeleton.
iii) Kinematics of AssistOn-Arm maximizes singularity-free workspace
of the device such that almost all of the human workspace required for ac-
tivities of daily living (ADL) is covered.
iv) AssistOn-Arm minimally interferes with the natural movements of
patients, thanks to its mechanically transparent and passively back-driveable
features. Passive back-driveability allows therapist to use AssistOn-Arm
as a measurement device for diagnosis. The passive back-driveability of the
device together with its passive gravity compensation mechanism also ensures
safety of patients even under power losses.
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v) Mechanically transparency of the device is highly beneficial during
the interaction control. The transparency of the system allows for a precise
model of the device dynamics, which helps model based controllers to be
implemented with high fidelity, without large parasitic effects due to unmod-
elled device dynamics. Since interaction controllers of AssistOn-Arm can
be implemented without the need for force sensors, high-fidelity force control
and precise impedance control can be achieved at high control bandwidths.
Transparency helps to simplify control architecture implementation, and en-
hances safety (coupled stability robustness), as open-loop force control does
not suffer from the fundamental stability limitations of force-feedback.
vi) AssistOn-Arm features interaction controllers and path-based assis-
tance control approaches to deliver a wide range of physical rehabilitation
protocols. The operation modes ensure that AssistOn-Arm can be utilized
from acute to cronic phase of the stroke. AssistOn-Arm can be used to
improve muscle strength, flexibility and endurance and help motor recovery
of patients.
vii) AssistOn-Arm is equipped with various operation modes. For in-
stance isotonic, isometric and isokinetic exercises can be delivered with
AssistOn-Arm, utilizing a stiff impedance controller. Record and P lay
mode allows therapist to save the desired synchronization and coordination
among joints and delivers the desired motion to the patient at a desired pace
under path control. Assist-as-Needed mode can be applied with AssistOn-
Arm under path control where the level of assistance can be adjusted online
during the exercise. These exercises enable delivery of the repetitive tasks
without repeating the same movement and increase the number of exercises
that can be administered during a therapy session.
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viii) The effectiveness of AssistOn-Arm has been tested with series of
experiments with healthy human subjects. These experiments indicate that
users find the device safe and easy-to-use and therapists are satisfied with the
workspace of the device. Furthermore, therapists evaluate the self-aligning
property as an indispensable feature for achieving the desired RoM, while
the passive back-driveability is perceived as an important safety feature.
1.2 Organization
The rest of the dissertation is organized as follows:
Chapter 2 gives a detailed and comparative literature review of upper-
extremity exoskeletons after a review about physical rehabilitation of shoul-
der. At the end of Chapter 2, AssistOn-Arm is introduced.
Chapter 3 details kinematic type selection of AssistOn-Arm. The cor-
respondence among human shoulder movements and movements of the ex-
oskeleton is also given in this chapter.
In Chapter 4, the kinematic structure of AssistOn-Arm is reviewed,
and the configuration and motion level kinematics of 3RRP, a mechanism
that serves as the main shoulder module, is explained in detail. Overall con-
figuration and motion level kinematics of the exoskeleton are also presented.
Singularity analysis of the redundant system is presented and workspace of
mechanism is analyzed. Chapter 4 concludes with the kinematic type selec-
tion and the kinematic analysis of the passive gravity compensation mecha-
nism.
Implementation details of the system are described in Chapter 5. The ac-
tuation and power transmission of the system are presented for each joint and
the power electronics is described. This chapter is concluded with the imple-
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mentation details of the spring-based passive gravity compensation mecha-
nism.
Chapter 6 presents the experimental characterization of AssistOn-Arm.
Manipulability of 3RRP mechanism is computed to verify the uniform kine-
matic performance of this mechanism within its workspace. The workspace,
torque/force exerting capability and back-driveability of each joint of AssistOn-
Arm are also experimentally verified.
Chapter 7 presents the interaction control and operation modes of AssistOn-
Arm. This chapter details the rationale behind open-loop impedance control
of the device and characterizes control performance of the system. Var-
ious operation modes, such as isometric, isotonic, isokinetic modes under
impedance control, and Record-and-Play and Assist-as-Needed modes under
path following control are discussed.
In Chapter 8, human subject experiments to evaluate the ergonomics,
range of motion and useability of AssistOn-Arm are presented.
Chapter 9 concludes the dissertation. Further improvements of the system
to increase comfort and safety are discussed. Ongoing works and future




This sections discusses the important aspects related to the physical re-
habilitation of human shoulder and reviews exoskeletons designed for upper-
extremity rehabilitation.
2.1 Physical Rehabilitation of Human Shoulder
Human shoulder complex possesses two translational degrees of freedom
(DoF) coupled to three rotational DoF [31,32]. In addition to the decoupled
translational movements of the center of glenohumeral (GH) joint, move-
ments of the shoulder girdle are tightly coupled with the elevational rotation
of the humerus [33]. This coupling is known as the scapulohumeral (SH)
rhythm. As a consequence of shoulder rotations, the tip of the humerus
translates in the sagittal and frontal planes due to SH rhythm.
Stroke and upper limb paralysis may cause various impairments in the
upper extremity. Inferior GH joint displacement, commonly referred to as
shoulder subluxation, is one of the most common musculoskeletal problems
caused by the gravitational pull on the humerus and stretching of the capsule
of the shoulder joint once the shoulder muscles are weakened by paralysis [34].
Shoulder subluxation is one of the possible causes of shoulder pain following
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a stroke [35]. Moreover, it restricts the passive and active range of motion
(RoM) and can hinder recovery of upper limb function. Consistent evidences
in literature indicate that subluxation is correlated with poor upper limb
function [36] and reflex sympathetic dystrophy [37]. As a result, prevention
or counteraction of shoulder subluxation is important for upper extremity
rehabilitation after stroke.
Scapular dyskinesia is another condition that refers to abnormalities in
the SH rhythm. Since abnormality of SH rhythm results in secondary ef-
fects on the function of the shoulder joint, restoring a stable scapular base
through scapular stabilization exercises is essential to rehabilitating shoulder
and returning to functional activities. Similarly, GH mobilization exercises
are required for re-gaining RoM of the joint. Most stroke patients cannot per-
form shoulder girdle movements by themselves; hence, it is imperative that
these movements are properly assisted during physical therapies until the
patient can actively stabilize and orient his/her upper limb during activities
of daily living.
Another aspect is related to gaining upper extremity function after stroke
via recovery or compensation. Re-integration of the impaired arm into ADL
critically depends on the type of functional gains, while improvement in func-
tional performance can be achieved through compensatory adaptations as
well as from recovery of normative movement and muscle activation pat-
terns. [30] provide evidence that adoption of compensatory strategies early
in treatment can inhibit potential recovery. This study also shows that in-
creased arm use at home is strongly predicted by increased recovery and only
weakly predicted by increased function via compensation. In particular, even
though patients may achieve high clinical scores using compensation strate-
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gies, they tend not to integrate these unnatural and energetically ineffective
strategies in their daily lives. Hence, resorting to compensation strategies
early in treatment decrease the amount of real-world limb use. On the other
hand, gains that are due to recovery of normative movement and muscle ac-
tivation patterns result in increased use of the limb which promote further
functional gains.
All of the above clinical treatment guidelines suggest that to deliver
effective rehabilitation therapies to human shoulder complex, an exoskele-
ton should be capable of actively locating the humerus head to counteract
shoulder subluxation, should be able to provide assistance to patients during
scapular stabilization and GH mobilization exercises such that they can re-
store their natural SH rhythm and actively stabilize and orient their upper
limbs during ADL. Most importantly, an effective shoulder exoskeleton is
expected to promote recovery, not compensation. End-effector type devices
and exoskeletons that do not allow natural movements of shoulder girdle ne-
cessitate compensatory movements, which can detrimentally affect further
functional gains that are achievable by the upper limb.
2.2 Exoskeletons for Upper-Extremity Rehabilitation
Exoskeletons for upper-extremity rehabilitation can be loosely categorized
into three, with respect to their ability to align with human shoulder complex
and to assist movements of the shoulder girdle.
The first group includes the exoskeletons whose kinematics model the
human shoulder complex as an ideal spherical joint. For instance, the mo-
bile exoskeleton developed by [38] features 2 actuated rotational DoF at the
shoulder complex, BOTAS [22] and SAM [39] have 3 actuated rotational DoF
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located at the shoulder complex, while [40] utilize a spherical 4R mechanism
at the shoulder complex such that kinematic singularities can be avoided
through redundant actuation. Similarly, CADEN-7 [20] and L-exos [41] are
cable-driven exoskeletons that rely on spherical shoulder kinematics. Ex-
oskeletons that belong to the first group cannot accommodate for the in-
herent translations of the human shoulder complex; hence, do not allow for
natural movements that include GH mobilization and SH rhythm.
The second group of exoskeletons relies on more realistic kinematic models
of the human shoulder complex and possesses kinematics that can partially
allow for or assist the movements of the shoulder joint complex. These ex-
oskeletons either feature passive joints at the shoulder girdle to enable align-
ment, or approximate the shoulder kinematics to follow simplified curves.
These exoskeletons cannot actively assist all movements of shoulder com-
plex.
SH rhythm has been included into the kinematic design of the passive ex-
oskeleton presented in [42] through two passive revolute joints located near
the scapula thororic joint. ESA exoskeleton [43] introduces two passive rev-
olute joints and a passive prismatic joint to allow for the movements of the
shoulder complex. MGA exoskeleton [44] approximates the movements of
the shoulder complex with circular paths and utilizes an active revolute joint
in series with spherical rotations to enable scapular rotation.
Passive anti-gravity arm orthosis WREX [45], its enhanced version T-
WREX [46], and pneumatically powered Pneu-WREX [47] share the same
underlying kinematics, where the translations of the shoulder complex is
modelled as a single rotation of the scapula. RUPERT [48] also relies on
simplified shoulder kinematics and features one pneumatic muscle.
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In recent years, there has also been some interest in low DoF exoskele-
tons. For instance, passive gravity compensation of the arm for industrial
applications is targeted via passive exoskeletons that feature passive joints
for alignment of shoulder joint axes [49,50].
ARMin I [51] is a semi-exoskeleton solution with three active and two pas-
sive DoF at the shoulder complex, such that it can actively deliver shoulder
flexion/extension, horizontal flexion/extension and internal/external rota-
tions, while passively allowing for shoulder abduction/adduction movements.
ARMin II [19,52] has introduced a novel linkage mechanism to passively allow
for elevation/depression movements of the humerus head, drastically decreas-
ing the ergonomic problems of ARMin I. On the other hand, the additional
passive DoF through the linkage mechanism has significantly increased the
kinematic complexity of the robot. In ARMin III [53], the passive linkage
mechanism has been removed from the system and the new kinematics rely
on a circular approximation of shoulder movements and a manual adjustment
mechanism. While ARMin III simplifies the kinematic structure of ARMin II,
this is achieved at the expense of deteriorated ergonomy. By approximating
the movements of center of GH joint by a circular path, the movements of
the device no longer properly correspond with human joint movements even
after individualized adjustments for each patient. ARMin IV [54] and later
versions of ARMin inherit their underlying kinematics from ARMin III.
In order to comply with the SH rhythm, both Dampace [55] and Limpact [56]
include two DoF self-alignment mechanisms that increase their ergonomy.
Even though these exoskeletons allow for GH mobilization, the translational
movements of shoulder complex are not actuated; hence, they cannot assist
shoulder during GH stabilization and mobilization exercises.
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ShouldeRO [57] uses a poly-articulated structure with Bowden-cable trans-
mission to implement an alignment-free two DoF exoskeleton for the shoul-
der. ShouldeRO cannot assist patients while performing movements of the
shoulder girdle. Similarly, ALEx [23] is a cable-driven light-weight exoskele-
ton that features a novel remote center of rotation mechanism at its shoulder
joint. ALEx possesses four actuated rotational DoF; hence, approximates
GH movements via circular paths, and cannot actively deliver translational
movements of human shoulder complex.
Finally, IntelliArm [58] utilizes PPPRRR1 serial kinematics with two
passive and one active DoF for the alignment of the center of GH joint with
the exoskeleton rotation axes. IntelliArm can assist elevation/depression
movements of the shoulder girdle, but cannot provide assistance for the pro-
traction/retraction movements.
The third group includes exoskeletons that allow for all movements of
the shoulder complex and can actively deliver all GH mobilization exercises.
MEDARM [59] features RRRRR serial kinematics with an actuated two
DoF shoulder girdle mechanism to assist both elevation/depression and pro-
traction/retraction movements. This exoskeleton possesses a rather complex
kinematic structure. An exoskeleton with RPRPRR serial kinematic chain
is proposed in [60] that also allows for tracking and assisting of all shoulder
girdle movements of the human shoulder. However, this designs still suffers
from joint misalignment problem, since the girdle movements is based on
the approximation that the center of the GH follows a circular path at the
sternoclaviular joint.
1In this representation R refers to a revolute, P refers to a prismatic joint, and Pa
refers to a parallelogram mechanism. Underlined joints are actuated and measured, while
overlined joints are measured.
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Harmony [24,61] possesses RPaRRR kinematics with two active DoF at
the shoulder girdle, in addition to three active shoulder rotations. Harmony
allows for and can deliver GH mobilization exercises, as it relies on a remote
center of rotation mechanism implemented via four-bar parallelogram link-
ages to actuate shoulder protraction/recraction and an active revolute joint
for shoulder elevation/depression movements. However, ergonomic shoulder
movements of Harmony necessitate the rotation axes of acromioclavicular
and sternoclavicular joints to be located and link lengths of the exoskeleton
to be manually adjusted to ensure good correspondence of human joint axes
with robot axes.
Proper alignment of exoskeleton axes with human joint axes is indispens-
able in order to deliver effective rehabilitation therapies, especially for the
high DoF human shoulder complex. The exact motion of the shoulder com-
plex shows wide variation among patients, as this motion strongly depends
on the age of the patient, size and orientation of underlying bones, the shape
of articulated surfaces and the constraints imposed by ligaments, capsules
and tendons of the individual. For instance, clinical studies indicate that the
mean ratio of scapular plane rotations contributing to SH rhythm is 1:2.4 for
adults, while it is 1:1.3 for children [62]. Exoskeletons such as Armin III [53]
and Harmony [61] rely on manual adjustments of link lengths to approxi-
mately match human joint rotation axes; however, adjusting robot joint axes
to closely match the human axes is a tedious process that may take up an
important portion of the precious therapy session. Mechanisms that have
self-alignment feature, as introduced in [21,23,55,56,63], eliminate the need
for manual adjustments and can ensure ergonomic movements throughout
therapies.
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2.3 Proposed Exoskeleton: AssistOn-Arm
AssistOn-Arm is a self-aligning powered exoskeleton for robot-assisted
upper-extremity rehabilitation. AssistOn-Arm has been designed and im-
plemented as an impedance-type device, since the passive self-alignment of
joint axes necessitates the exoskeleton to follow movements of human limb
with very low resistance, while actuation of all movements of the shoulder
complex require robust and high fidelity interaction control.
Robots can be categorized as admittance-type or impedance-type devices,
depending on whether they behave like velocity or force sources, respec-
tively. The type of a robot is determined by its structural design, actu-
ation and power transmission characteristics [64]. As an impedance-type
device, AssistOn-Arm receives force commands and applies forces to its
user in response to measured positions. The rationale behind implement-
ing AssistOn-Arm as an impedance-type device follows from the following
arguments on interaction control.
All controllers are fundamentally band-limited due to roll-off in actu-
ators, amplifiers, and sensors. Hence, at high-frequencies, the closed-loop
impedance transfer function of the controlled system always matches the
open-loop impedance of the robot. Given that inertial forces dominate at
high-frequencies, the impedance transfer function appears as the apparent
end-effector inertia, that is, the effective inertia located after the inherent
compliance of the system. It has been well-established within the frequency
domain passivity framework that, force control cannot hide this inertia at
any frequency, while simultaneously maintaining the absolute stability of
the controlled system [6567]. Along these lines, the inertia after the in-
herent compliance of the system can only be reduced through mechanical
15
design of a robot and not by force feedback, if coupled stability guaran-
tees are enforced [68]. While force feedback can be used to compensate for
parasitic effects, such as friction and stiction, within the closed-loop control
bandwidth of the system [66, 67], the unavoidable non-collocation between
the force sensor and the actuators imposes inherent limitations on controller
gains to ensure coupled stability [65]. Hence, to simultaneously guarantee
coupled stability and good interaction control performance, closed-loop force
control must rely on carefully tuned controller gains and a mechanical design
with low apparent inertia.
AssistOn-Arm utilizes the alternative solution, as commonly preferred
in the design of haptic interfaces. In particular, AssistOn-Arm relies on its
mechanical design to minimize friction, stiction and backlash like parasitic
effects, while also keeping the apparent inertia of the exoskeleton as low as
possible. Along these lines, the design of AssistOn-Arm features a planar
parallel mechanism actuated by capstan-driven direct drive motors, which,
not only minimizes parasitic effects but also acts as a mechanical torque sum-
mer to achieve high torque outputs. The parallel mechanism increases the
device stiffness, while helping reduce the moving mass and reflected inertia
of the exoskeleton. Coupled to a spring based passive gravity compensation
mechanism, AssistOn-Arm achieves high mechanical transparency. Con-
sequently, AssistOn-Arm does not necessitate closed loop force control to
achieve high back-driveability. AssistOn-Arm's transparent design enables
high-fidelity interaction controllers to be implemented without being bound
by the coupled stability limitations of force-feedback; interaction control of
AssistOn-Arm can be implemented through open-loop control of motor
torques at high bandwidths.
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As a result of its novel self-aligning kinematics, low apparent inertia,
and impedance-type power transmission, AssistOn-Arm possesses several
important properties.
i)AssistOn-Arm can both actively and passively follow and assist trans-
lational movements of the center of glenohumeral joint. Consequently, in
addition to all shoulder rotations and reaching exercises, it can deliver gleno-
humeral mobilization (scapular elevation/depression and protraction/retraction)
and scapular stabilization exercises, extending the type of therapies that can
be administered using upper-arm exoskeletons. As an active exoskeleton, it
can restrict undesired compensatory movements, assist targeted joint move-
ments, and provide such measurements.
ii) Passively aligning its joint axes, AssistOn-Arm can provide an ideal
match between human joint axes and the exoskeleton axes, guaranteeing er-
gonomics and comfort throughout therapies, and extending the usable range
of motion for upper extremity movement. Furthermore, this self-aligning
feature significantly shortens the setup time required to attach a patient to
the exoskeleton. Kinematics of AssistOn-Arm maximizes singularity-free
workspace of the device such that almost all of the human workspace required
for ADL is covered.
iii)AssistOn-Arm is mechanically transparent and passively back-driveable;
thus, it minimally interferes with the natural movements of patients. Passive
back-driveability allows therapist to use AssistOn-Arm as a measurement
device for diagnosis. The passive back-driveability of the device also ensures
safety of patients even under power losses.
iv) Mechanical transparency and passive back-driveability of AssistOn-
Arm beneficially affect the interaction control performance of the system. In
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particular, the transparency of the system allows for a precise model of the
device dynamics to be identified and model based controllers to be imple-
mented with high fidelity, without large parasitic effects due to unmodelled
device dynamics. Since interaction controllers of AssistOn-Arm can be
implemented without the need for force sensors, high-fidelity force control
and precise impedance control can be achieved at high control bandwidths.
This control architecture not only simplifies implementation, but also en-
hances safety (coupled stability robustness), as open-loop force control does
not suffer from the fundamental stability limitations of force-feedback.
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Chapter III
3 Kinematic Type Selection of AssistOn-Arm
A good understanding of human joint kinematics is imperative for the kine-
matic type selection of exoskeletons to ensure ergonomics and comfort. In
this section information about kinematics of human arm and kinematic type
selection for AssistOn-Arm is given.









Figure 3.1: Joints at the shoulder complex
Human shoulder complex, depicted in Figure 3.1, consists of different
joints including shoulder and shoulder girdle. Shoulder complex has the abil-
ity to move both in a translational and rotational manner. The sternoclavic-
ular (SC) and the acromioclavicular (AC) joints at the shoulder girdle each
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have 3 DoF, while the scapulothoracic (ST) joint possesses 5 DoF. However,
the overall movement of the shoulder girdle is constrained and the movements
of these joints cause the center of GH joint to shift [69].
In the literature, it has been shown that shoulder girdle is mainly respon-
sible for 2 DoF translational movements of elevation/depression and protrac-
tion/retraction of shoulder [70]. Given the 3 rotational DoF of the shoulder
socket itself, the shoulder complex can be modeled as a 5 DoF kinematic
chain [31, 32, 42], with three rotations (shoulder flexion/extension, inter-
nal/external rotation and horizontal abduction/adduction) and two transla-





















Figure 3.2: Movements of human shoulder complex
The center of GH joint can be controlled independently from the shoulder
rotations. Furthermore, there also exists a strong coupling between the shoul-
der rotations and the translations of the center of GH joint, called the Scapu-
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loHumeral (SH) rhythm [33], as the movement of humerus causes scapula to
move.
It has been reported in the literature that when the human arm is fully
flexed or abducted (corresponding to a 180◦ rotation), the humerus is ro-
tated only by an amount of 120◦, while the scapular motion accounts for the
remaining 60◦ rotation [71]. This ratio differs for every individual, since the
exact motion of the humerus head shows wide variation among humans. For
instance, the mean ratio is about 1:2.4 for healthy adults, while the mean
ratio drastically changes to 1:1.3 for children [62].
The internal/external rotation of upper arm has a similar function as the
pronation/supination rotation of the forearm and can be faithfully modeled
as a simple 1 DoF revolute joint, the axis of which stands on the center line
of the humerus [72].
3.2 Kinematics of Human Elbow
Human elbow also possesses coupled transitions with its rotation. These
translations are due to the quasi-conic double frustum of the mobile rotation
axis [73]. However, the translations of the rotation axis of the elbow joint
are very small and elbow movements can be faithfully modelled as a single
DoF revolute joint [43,44,47,53,56,58].
3.3 Kinematic Type Selection of AssistOn-Arm
In order to obtain an ideal match between a human and an exoskeleton, it
is imperative that the exoskeleton can faithfully replicate the movements of
human joints. To achieve this goal, AssistOn-Arm consists of a shoulder
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module that passively tracks the shoulder movements and assists them as
needed. Figure 3.3 presents a schematic representation of the kinematics of
AssistOn-Arm.
The shoulder module of AssistOn-Arm is responsible for faithfully re-
producing shoulder motions during rehabilitation exercises. The shoulder








Figure 3.3: Schematic representation of AssistOn-Arm
First revolute joint is an actuated joint located at top of the mecha-
nism and is responsible for horizontal abduction/adduction movements of
the shoulder. A passive slider is located after this revolute joint, forming
RP series kinematic chain for the first section of the shoulder module. The
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passive prismatic joint is required to ensure an ideal match of the shoulder
module to various human shoulder sizes. Furthermore, this passive prismatic
joint helps prevent singularities and ensures better alignment of joint axes
during shoulder movements when the humerus moves in the frontal plane.
The ability of AssistOn-Arm to faithfully reproduce shoulder move-
ments is largely due to its self-aligning joint, implemented as a 3RRP mecha-
nism that is rigidly connected to one end of the passive prismatic joint. 3RRP
is a parallel mechanism that possesses 3 DoF in a plane. Through three actu-
ators grounded to its frame, 3RRP mechanism adds 2 translational and one
rotational DoF that can be controlled independently; hence, 3RRP mecha-
nism can assist SH rhythm and deliver GH joint mobilization movements. In
coordination with the first revolute joint, kinematics of AssistOn-Arm can
also faithfully produce shoulder abduction/adduction movements.
3RRP mechanism has a symmetric structure and provides a large, circu-
lar, singularity free workspace. Due to its parallel kinematics, 3RRP mech-
anism not only features high bandwidth and stiffness, but also serves as a
mechanical summer for the end-effector rotations. Hence, relatively small
actuators can be used to impose large torques and forces at the end-effector
of this mechanism, while keeping the moving mass and reflected inertia of
the system low.
The last part of the shoulder module is for shoulder internal/external
rotation and consists of a remote center of rotation mechanism, currently
implemented using a curved rail. This structure allows patient's arm to
conveniently go through the joint and can provide internal/external rotation
of shoulder, faithfully tracking and reproducing the required RoM.
The underlying kinematics of the elbow module of AssistOn-Arm is
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implemented as a single DoF revolute joint, since small changes in the axis
of rotation of the elbow can be neglected without causing ergonomy limita-
tions, as the connection straps of the exoskeleton inherently feature sufficient
compliance to allow for such small movements.
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Chapter IV
4 Kinematic Analysis of AssistOn-Arm
AssistOn-Arm features a hybrid kinematic chain which can be represented
as RP − 3RRP −R−R. As a result, AssistOn-Arm can be modeled as a
7 DoF mechanism.
Figure 4.1 depicts a schematic representation of AssistOn-Arm together
with relevant variables used during its kinematic analysis. Let N represent
the Newtonian reference frame attached to the ground. Let Point A be
located at the axis of rotation of the horizontal abduction-adduction joint,
Point E be located at the elbow joint, and Point Z be located at the end-
effector of AssistOn-Arm. Point G on N is taken as the origin. Body P
has gone through a simple rotation about the direction −→n 3 with an amount
of α1. Body R translates with respect to Body P along the direction
−→p 1 with
an amount of d1. The base of 3RRP parallel mechanism is rigidly attached
to Body R, while its end-effector is rigidly attached to Body U . Due to the
motion of 3RRP mechanism, Body U translates on the −→r 2−−→r 3 plane with
the configuration variables ys and zs and rotates about
−→r 1 with an amount
of θ, with respect to Body R. Body L goes through a simple rotation with
respect to Body U about the direction −→u 3 with an amount of α2. Lastly, the
lower arm part of the exoskeleton, Body H, goes through a simple rotation
with respect to Body L about the direction
−→





































Figure 4.1: Schematic representation of the kinematics of AssistOn-Arm,
that shows design parameters and kinematic variables
4.1 Configuration Level Kinematics of 3RRP Mecha-
nism
Figure 4.2 depicts a schematic representation of the 3RRP planar parallel
mechanism. 3RRP mechanism consists of a base frame, Body R, and three
bodies constituting the arms of the mechanism, Bodies Q, V , T , and a sym-




























Figure 4.2: Schematic representation of kinematics of 3RRP mechanism
respect to base frame Body R about the axis −→r 1 with angles q1, q2 and q3,
respectively. These angles are actuated via motors that turn the disks of
the 3RRP mechanism. Symmetric end-effector, Body U is connected to arm
bodies at Points Γ, Λ and Π via collocated prismatic and revolute joints. Let
Point O be fixed on Body R, located at the center of the disks and S repre-
sent the point at the middle of the end-effector Body U of 3RRP mechanism.
Let the translations of Body U with respect to Body R along directions −→r 2
and −→r 3 be given as ys and zs, respectively. Furthermore, Body U rotates
about the axis −→r 1 with an amount of θ.
The fixed distance between the pairs of points OΓ, OΠ and OΛ is defined
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as r. Variable distances between the pairs of points ΓS, ΠS and ΛS are
indicated as s1, s2 and s3, respectively. In the kinematic calculations, the
variable distances depicted above are assumed to be always positive as shown,
while angles are taken as positive if counter-clockwise.
At the initial configuration (homing position) −→r2 of Body R and −→u2 of
end-effector Body U overlap with each other, and the angle θ is zero. Also
the end-effector of 3RRP mechanism is at ys = 0, zs = 0, while arm vectors
−→q2 , −→v2 and −→t2 have rotated around −→r1 axis about pi/3, pi and −pi/3 with
respect to −→r2 , at the homing position.
Below we first present the configuration and motion level kinematics of
3RRP mechanism, followed by the overall kinematics of AssistOn-Arm.
Forward kinematics at the configuration level calculates the end-effector
configuration when the joint angles are provided as inputs.
The end-effector of a symmetric 3RRP mechanism is known to be located
at the first Fermat point (or the isogonic center) of the triangle defined by
the revolute joints located on the disks of the mechanism, since the angle
between the prismatic joints of a symmetric end-effector is set to 120◦. In
particular, the first Fermat point is a special point within the triangle that
minimizes the sum of distances to the vertices of the triangle. There exits
several other interesting physical interpretations of the first Fermat point as
reviewed in [74].
The centuries old geometric problem of locating the first Fermat point
of the triangle has been proposed by Fermat in 1643. An elegant geometric
solution that does not involve vector algebra or calculus has been provided
by Torricelli (16081647) and published by his student Viviani in 1659 [75].
Recently, closed form analytical solutions to the forward and inverse con-
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figuration level kinematics of 3RRP mechanism have also been established
in [76] and our earlier work [21,77] using vector algebra.
In particular, given the joint angles q1, q2 and q3, the configuration level
forward kinematics (the end-effector variables ys, zs and θ) of 3RRP mecha-
nism can be calculated in a closed form as
ys = − M√
3(K2 + L2)
(1)





θ = atan2(K,L) (3)
where
K = c12 + c32 +
√
3c31 − 2c22 −
√
3c11
L = c11 + c31 +
√












c11 = r cos(q1) c12 = r sin(q1)
c21 = r cos(q2) c22 = r sin(q2)
c31 = r cos(q3) c32 = r sin(q3)
Configuration level inverse kinematics calculates the joint angles given
the end-effector pose of the mechanism. In particular, given ys, zs and θ, the
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actuator angles q1, q2 and q3 can be calculated as
q1 = atan2(M1, L1) (4)
q2 = atan2(M2, L2) (5)
q3 = atan2(M3, L3) (6)
where

















M2 = K2 cos(θ + pi)−
√
r2 −K22 sin(θ + pi)
L2 = −K2 sin(θ + pi)−
√
r2 −K22 cos(θ + pi)
















K1 = ys sin(θ +
pi
3
)− zs cos(θ + pi
3
)
K2 = ys sin(θ + pi)− zs cos(θ + pi)
K3 = ys sin(θ − pi
3
)− zs cos(θ − pi
3
)
In both the configuration level forward and inverse kinematic solutions,
the intermediate variables s1, s2 and s3 can also be solved for in a closed
form, using simple trigonometric relations.
4.2 Motion Level Kinematics of 3RRP Mechanism
Motion level kinematics determines the relationship between the actuator
velocities and the end-effector (linear and angular) velocities. For the planar
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parallel mechanism, the time derivative of the configuration level kinematic
equations can be utilized to solve for its motion level kinematics, since all
rotations are simple planar ones. In particular, the relationship between the
end-effector velocities y˙s, z˙s and θ˙ and the actuator angular velocities q˙1,
q˙2, q˙3, represented by the kinematic Jacobian of 3RRP mechanism, can be
calculated as
X˙3RRP = J3RRP q˙3RRP (7)
where X˙3RRP = [y˙s z˙s θ˙]T and q˙3RRP = [q˙1 q˙2 q˙3]T with J3RRP ij (i,j=1,2,3)
are as given at the top of next page.
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J3RRP 11 = −r[(s3 − s2) cos q1 + 2(s2 + s3) cos (q1 − 2θ) +
√
3(s2 + s3) sin q1
+
√
3s3 sin (q1 − 2θ)]/2
√
3(s1 + s2 + s3)




3(s1 + s3) sin q2 −
√
3(s1 + s3) sin (q2 − 2θ) + (s1 − s3) cos q2
+ (s1 − s3) cos (q2 − 2θ)]/6(s1 + s2 + s3)
J3RRP 13 = −
√
3r[(s2 − s1) cos q3 − (2s2 + s1) cos (q3 − 2θ) +
√
3(s1 + s2) sin q3
+
√





3(s2 + s3) cos q1 + (s2 − s3) sin q1 + (2s2 + s3) sin (q1 − 2θ)
−
√





3(s1 + s3) cos q2 +
√
3(s1 + s3) cos (q2 − 2θ) + (s3 − s1) sin q2
+ (s1 − s3) sin (q2 − 2θ)]/6(s1 + s2 + s3)




3s1 cos (q3 − 2θ)−
√
3(s1 + s2) cos q3 + (s2 − s1) sin q3
+ (s1 + 2s2) sin (q3 − 2θ)]/6(s1 + s2 + s3)
J3RRP 31 =
r cos (θ − q1 + pi3 )
s1 + s2 + s3
J3RRP 32 =
−r cos (q2 − θ)
s1 + s2 + s3
J3RRP 33 =
r cos (q3 − θ + pi3 )
s1 + s2 + s3
(8)
Motion level inverse kinematics of 3RRP mechanism can be calculated
through the inverse of the kinematic Jacobian, since no singularities exists
within the circular workspace of 3RRP mechanism.
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4.3 Configuration Level Kinematics of AssistOn-Arm
Given the closed form kinematic solution of 3RRP mechanism, the hybrid
kinematics of the exoskeleton can be calculated using a serial connection of
R,P , 3RRP,R,R joints. In particular, the position of the end-effector of
AssistOn-Arm can be expressed as
−→r GO +−→r OS +−→r SE +−→r EZ = xw−→n1 + yw−→n2 + zw−→n3 (9)
where xw, yw and zw represent the position coordinates of AssistOn-Arm
handle with respect to the Newtonian frame. Note that, given the forward
kinematics of 3RRP, −→r OS in Eqn. (9) can be expressed as
−→r OS = ys−→r2 + zs−→r3 (10)
where ys and zs indicate the end-effector positions of 3RRP mechanism with
respect to Point O on Body R. In particular, the end-effector position can
be calculated in a closed form as
xw = k2 + ys sinα1 + k6 + k7 sinα1 cos θ
− cosα1(k5 − k3 − d1)− k8(sinα3 cosα1 cosα2
+ sinα1(cosα3 cos θ − sinα2 sinα3 sin θ)) (11)
yw = ys cosα1 + (k6 + k7) cosα1 cos θ + sinα1(k3
+d1 − k5) + k8(sinα1 sinα3 cosα2
+ cosα1(cosα3 cos θ + sinα2 sinα3 sin θ)) (12)
zw = k1 + zs − k4 + (k6 + k7) sin θ
+k8(sin θ cosα3 + sinα2 sinα3 cos θ) (13)
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where ki (i=1,...,8) denote the link lengths. The end-effector position (ys, zs)
and orientation θ of 3RRP mechanism can be utilized to express configuration
level forward kinematics of AssistOn-Arm in terms of actuated joint angles
and other measured joint variables.
The end-effector orientation of AssistOn-Arm with respect to Newto-












































































The configuration level inverse kinematics of AssistOn-Arm does not
assume a closed from solution. However, the equations characterizing the
inverse kinematics can be decoupled and simplified as in [21], when the dis-
placement d1 of the passive slider is measured. An efficient numerical solution
can be computed for the configuration level inverse kinematics by implement-
ing an algorithm based on feedback stabilization that relies on the kinematic
Jacobian of the system [78].
4.4 Motion Level Kinematics of AssistOn-Arm
Motion level kinematics that map the joint velocities to end-effector veloc-
ities of AssistOn-Arm can be determined by differentiating Eqn. (9) and
calculating the angular velocity of the end-effector of the system.
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Let the kinematic Jacobian of AssistOn-Arm be expressed with respect
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where Jv and Jw denote linear and angular velocity components of the 6× 7
kinematic Jacobian, respectively. Note that, in order to calculate motion level
kinematics of the system, the displacement and the velocity of the passive
prismatic joint are assumed to be measured.
The angular velocity part of the kinematic Jacobian Jw that represents
relationship between the angular velocities of end-effector and the joint ve-
locities is given as
Jw=

0 0 0 cosα1 sinα1 cos θ sinα1 sin θ 0
0 0 0 sinα1 cosα1 cos θ − sin θ cosα1 0
1 0 0 0 sin θ cos θ 0
 (16)
The linear velocity part of the kinematic Jacobian Jv is calculated by
taking the time derivatives of end-effector position vector given in Eqns. (11)
(13). The linear velocity part of the kinematic Jacobian Jv of AssistOn-




Jv11 Jv12 Jv13 Jv14 Jv15 Jv16 Jv17
Jv21 Jv22 Jv23 Jv24 Jv25 Jv26 Jv27
Jv31 Jv32 Jv33 Jv34 Jv35 Jv36 Jv37
 (17)
where
Jv11 = (k5 − d1 − k3) sinα1 + k8(sinα2 cosα1
+sinα1 sin θ cosα2)(sinα3 sin θ−sinα2 cosα3 cos θ)
− ys cosα1 − (k6 + k7) cosα1 cos θ
− k8 cosα2 cos θ(cosα1 cosα2 cosα3
− sinα1(sinα3 cos θ + sinα2 sin θ cosα3))
Jv12 = − sinα1
Jv13 = 0
Jv14 = sinα1((k6 + k7) sin θ + k8(sin θ cosα3
+ sinα2 sinα3 cos θ))
Jv15 = k8 sinα3(sinα2 cosα1 + sinα1 sin θ cosα2)
Jv16 = −k8(cosα1 cosα2 cosα3 − sinα1)(sinα3 cos θ
+ sinα2 sin θ cosα3)
Jv17 = −d1 sinα1
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Jv21 = (d1 + k3 − k5) cosα1 + k8(sinα1 sinα2
− sin θ cosα1 cosα2)(sinα3 sin θ − sinα2 cosα3 cos θ)
ys sinα1 − (k6 + k7) sinα1 cos θ
−k8 cosα2 cos θ(sinα1 cosα2 cosα3+cosα1(sinα3 cos θ
+ sinα2 sin θ cosα3))
Jv22 = cosα1
Jv23 = 0
Jv24 = − cosα1((k6 + k7) sin θ + k8 sin θ cosα3)
+ k8 sinα2 sinα3 cos θ
Jv25 = k8 sinα3(sinα1 sinα2 − sin θ cosα1 cosα2)
Jv26 = −k8(sinα3 cosα2 cosα3
+ cosα1)(sinα3 cos θ + sinα2 sin θ cosα3)




Jv34 =(k6+k7) cos θ+k8 cosα3 cos θ−k8 sinα2 sinα3 sin θ
Jv35 = k8 sinα3 cosα2 cos θ
Jv36 = −k8(sinα3 sin θ − sinα2 cosα3 cos θ)
Jv37 = 0
Given that the mapping between the joint velocities and the end-effector
velocities of 3RRP is already defined in J3RRP , the kinematic Jacobian Jk
37
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4.5 Dynamics of AssistOn-Arm
After the configuration and the motion level kinematics have been derived,
the dynamic model of AssistOn-Arm has been computed symbolically uti-
lizing Autolev [79]. To model the system using Kane's method, the acceler-
ation level kinematics equations are calculated via symbolic differentiation
of the motion level kinematics with respect to time. The inertial properties
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and center of mass of all bodies are extracted from the solid models of com-
ponents. External forces Fx, Fy, Fz and torques Tx, Ty, Tz are considered at
the multiple interaction points of exoskeleton with the human user. Actuator
torques τi (i=1,..,6) that drive joints are also added to the calculations.
Overall dynamic equation for the robot can be defined as
M(q)q¨ + C(q, q˙)q˙ +G(q) = τext + τi (19)
where M(q) is mass matrix defined in R6x6, C(q, q˙) R6x6 is the Coriolis and
centrifugal matrix, G(q) R6x1 is representing gravitational effect on moving
parts. τext are external forces, namely τext = [Fx, Fy, Fz, Tx, Ty, Tz]T , and τi
is the control torques. q R6x1 is joint variables.
The resulting symbolic equations of motions are used for feed-forward
dynamic compensation and model based control of AssistOn-Arm. Due to
their very large size, these symbolic dynamics equations are not presented.
4.6 Singularities of AssistOn-Arm
The underlying kinematics of AssistOn-Arm compromises of a hybrid kine-
matic chain that includes a 3RRP planar parallel mechanism. The 3RRP
mechanism is singularity free within its workspace when the end-effector po-
sition is limited to stay inside the virtual circle created by collocated revolute
and prismatic joints [76, 80]. Figure 4.3 presents the results of a numerical
singularity of the 3RRP mechanism analysis, conducted using the complete
branch-and-prune based interval analysis method proposed in [81]. The blue
region indicates singularity free reachable workspace, verifying the lack of
singularities.
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Figure 4.3: Singularity analysis of 3RRP mechanism through interval ana-
lysis proposed in [81]. Red circle indicates the boundary of the dexterous
workspace while blue region indicates singularity free reachable workspace.
Given that the 3RRP mechanism is singularity free, the simplified kine-
matics presented in Appendix I Figure 9.6 can be used to study the singu-
larities of AssistOn-Arm, which features redundant kinematics with one
passive and six actuated joints. The degree of redundancy for AssistOn-
Arm is one and the 6×7 kinematic Jacobian Jk of the device is presented in
Section 4.4. It is well established that the probability of the manipulator to
get into a singularity decreases as the degree of redundancy increases. Sin-
gularities of redundant robots may be determined by studying configurations
that set the manipulability measure
∣∣JJT ∣∣ to zero. However, a symbolic solu-
tion to this equation is typically very cumbersome. An alternative singularity
analysis approach exists thanks to Cauchy-Binet formula: A redundant robot
is singular in the performance of an m-dimensional task if and only if all its
m ×m submatrices (also called minors) are singular at the same configura-
tion [82]. In particular, to study the singularities of AssistOn-Arm for 6
40





6x6 minors of the kinematic
Jacobians need to be studied, each minor corresponding to a kinematic Jaco-
bian with a locked joint of AssistOn-Arm. Intersection set of all singular
configurations of these 6x6 minors determines singular configurations of the
redundant system, that is, redundant robot has singularities if and only if
the same singular configuration shows up in all of its 6 × 6 minors [8284].
Along these lines, to study singularities of AssistOn-Arm, we compute the
determinants all minors as follows:
i. If α1 = constant, then
det(Ji) = − sin(α2).
ii. If d1 = constant, then
det(Jii) = sin(α2)(ys − (k6 + k7) sin(θ)).
iii. If ys = constant then
det(Jiii) = (k6 + k7) sin(θ) cos(α2) cos(θ)− sin(α2)(k5 − k3 − d1).
iv. If zs = constant, then
det(Jiv) = − sin(θ)(sin(α1)(k1 cos(α2)−k8 sin(α2) sin(α3))(cos(α1) cos(α2)−
sin(α1) sin(α2) cos(θ))+cos(α1)(cos(α1) cos(α2)−sin(α1) sin(α2) cos(θ))((k6+
k7) sin(θ)+k1 sin(α2) cos(θ)+k8(sin(θ) cos(α3)+sin(α3) cos(α2) cos(θ)))−
k8(sin(α3) cos(θ) + sin(θ) cos(α2) cos(α3))− (sin(α1) cos(α2) +
sin(α2) cos(α1) cos(θ)) cos(α1)(k1 cos(α2)−k8 sin(α2) sin(α3))−sin(α1)((k6+
k7) sin(θ)+k1 sin(α2)cos(θ)+k8(sin(θ) cos(α3)+sin(α3) cos(α2) cos(θ))))).
v. If θ = constant, then
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det(Jv) = sin(θ) cos(α2).
vi. If α2 = constant, then
det(Jvi) = cos(θ) sin(α2).
vii. If α3 = constant, then
det(Jvii) = − sin(θ).
These determinants reveal that there exist no common configurations
when all 7 determinants are singular simultaneously; hence, AssistOn-Arm
is singularity free for all spatial movements seen from its handle.
The study of det(Jii) further reveals the necessity of the passive slider to
avoid singular configurations. In particular, if there exists no passive slider
at the second joint, then there exists a singular configuration when the elbow
joint is located along the perpendicular line that passes through the center
of 3RRP mechanism, that is ys = (k6 + k7) sin(θ). In this configuration, it
is not possible for the system to assume velocity components perpendicular
to the plane of the 3RRP mechanism (without the passive slider). Another
such singularity occurs, when the axes of rotation of the elbow joint and
3RRP mechanisms align. Addition of passive slider helps avoid both of these
singularities.
Note that, while the spatial movements at the handle of AssistOn-Arm
are singularity free, the orientation kinematics of the shoulder rotations still
suffer from gimbal locks, since such singularities are unavoidable when only
three rotational joints are used to cover SO(3). For AssistOn-Arm, the
gimbal lock takes place when the axis of rotation of the shoulder abduc-
tion/adduction joint (the first revolute joint) becomes parallel to the axis of
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rotation of the internal/external joint (the revolute joint between Body U an
Body L). In particular, these singularities takes place at two configurations;
when the upper arm Body U is configured at vertically up or down. At
these configurations, the orientation Jacobian at the shoulder becomes rank
deficient.
While these kinematic singularities are inherent for the underlying kine-
matics, they can be relocated to more favorable configurations within the
workspace of the device, through introduction of oblique connections between
the rotating bodies. Appendix I presents details of relocating singularities
through properly designed oblique rigid connections.
4.7 Workspace of AssistOn-Arm
Human arm possesses a wide range of translations and rotations. RoM
spanned by human shoulder joints, as reported in [85], are presented in Ta-
ble 4.1, together with RoM of AssistOn-Arm for the corresponding move-
ments. Apart from some structural limitations due to the self-collisions of
links, AssistOn-Arm can cover the majority of RoM of human shoulder
complex. AssistOn-Arm can cover up to 90o of elbow flexion, while human
elbow joint is known to flex up to 146o during ADL [86,87].
Figure 4.4 depicts a point cloud that represents the reachable workspace
of AssistOn-Arm at the shoulder complex. This point cloud is also com-

























































































































































































































































































It can be observed from Figure 4.4 that AssistOn-Arm can effectively
locate its rotation axes at a relatively large volume around the shoulder
complex; hence, can faithfully track and assist the movements of the humerus
head even during GH mobilization exercises. Note that, coupled with the
self-alignment property of AssistOn-Arm, the large workspace of shoulder
module is useful both for the alignment of human joint axes with the device
axes and for accommodating large variations in the arm lengths of patients,




Figure 4.4: Translational reachable workspace of AssistOn-Arm at the
shoulder complex
Figure 4.5 presents the boundary of the reachable workspace of AssistOn-
Arm. This boundary is computed numerically through the forward kinemat-
ics of the device, considering all the joint limits. The reachable workspace
of the exoskeleton looks approximately like a spherical shell, with an un-
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reachable spherical volume around the center of the workspace. Inspecting
the resulting reachable workspace, one can verify that AssistOn-Arm can
cover almost the whole RoM of human arm. An unreachable volume around
the user is preferable to avoid collisions. The size of the unreachable volume
can easily be adjusted by changing the joint limits of the shoulder inter-
nal/external rotation and the elbow rotation.
Figure 4.5: Top, side, and front view of the reachable workspace of
AssistOn-Arm at its end-effector
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4.8 Passive Gravity Compensation of AssistOn-Arm
As an impedance-type device, passive backdrivability of AssistOn-Arm is
indispensable to achieve high performance for interaction control. To achieve
mechanical transparency, passive compensation of the gravitational forces
is essential, in addition to the proper selection of power transmission and
actuation. For this purpose AssistOn-Arm utilizes a spring based passive
gravity compensation mechanism.
Static gravity balancing can be obtained either by (i) facilitating a fixed
inertia by adding counterweights or (ii) keeping potential energy constant by
adding auxiliary spring to the overall mechanism [88, 89]. Since the coun-
terweight approach increases the overall inertia of the system, spring based
passive gravity mechanisms are more commonly employed. Spring based pas-
sive gravity compensation mechanisms are preferred in many designs, as they
reduce the burden of gravitational forces on the actuators and do so without
introducing additional inertia.
One of the first passive gravity compensation mechanisms has been intro-
duced in [90] with a single spring attached to a single DoF arm. [91] showed
that passive balancing of gravitational forces can be performed using several
techniques, including adding counterweights, utilizing linkage or cam mech-
anism, and using spring suspension methods. It has been proven that fewer
number of springs can be used in compensation mechanisms, if zero-length
springs are employed [92]. Along these lines, studies [88, 89, 9295] present
gravity compensation mechanisms with zero-length springs.
Passive gravity compensation mechanisms have also been utilized for
physical rehabilitation, by assisting patients through elimination of arm weight
[46,92,9698].
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AssistOn-Arm is a 7 DoF mechanism whose center of mass moves spa-
tially. Full compensation of gravity for AssistOn-Arm necessitates a com-
plex design, since passive gravity balancing of an n DoF manipulator can
be obtained by using at least n zero-length springs [99], or using 2(n − 1)
conventional springs and 4(n − 1) links [100]. Luckily, the effect of shoul-
der internal/external rotation and elbow rotation are relatively small on the
movement of the center of gravity of AssistOn-Arm. Along these lines, the
gravity compensation mechanism of AssistOn-Arm is designed to work in
a plane that is parallel to the working plane of 3RRP mechanism. This way,
the gravitational forces on the self-aligning mechanism can be compensated
passively with a spring based compensator, while the gravitational forces
due to the internal/external and the elbow rotations are compensated ac-
tively through the actuators. For safety, these joint may also be equipped
with brakes that engage when the device power is cut off.
In order to obtain constant potential energy, the design of compensator
mechanism and the selection of springs should be decided simultaneously.
Furthermore, the compensation mechanism must cover the workspace of the
movement of the gravity center of AssistOn-Arm, and collisions between
the exoskeleton and gravity compensation mechanism should be avoided
within the workspace.
Several kinematic designs considered for the gravity compensation are
presented in Figure 4.6 [101]. Among the candidates of zero-length spring
based gravity compensation mechanisms, the gravity compensator in Fig-
ure 4.6(a) [91] is not suited for AssistOn-Arm, since this mechanism needs
to go through a singular configuration to track the movement of the gravity
center of AssistOn-Arm. The gravity compensator in Figure 4.6(b) [89] also
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suffers from a limited workspace that is inappropriate for AssistOn-Arm. If
workspace of these mechanisms are extended by increasing their link lengths,
then the gravity compensation mechanisms collide with the other structural
elements of the exoskeleton. Hence, the gravity compensator presented in
Figure 4.6(c) [100] is selected. This compensator can cover the workspace of












( a ) ( b ) ( c )
Figure 4.6: Kinematics of several spring based gravity compensation mecha-
nisms as presented in (a) [91], (b) [89], and c) [100]
A schematic representation of the gravity compensation mechanism used
in AssistOn-Arm is depicted in Figure 4.7. In Figure 4.7, A, O, P , R, S, Q
and Z denote the revolute joints of the system. Springs are attached between
Points AQ and Points AP . Points O and A are fixed on ground link of the
gravity compensator. Symbol h defines the distance between Points O and
A. Points O, P , R and S define an auxiliary parallelogram and the moving
arm of AssistOn-Arm is attached to this mechanism at Point Z, where the
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gravity center of moving parts of AssistOn-Arm lies. Symbols ci and li
represent the distance of gravity center of links of the gravity compensator
from Point O and link lengths, respectively. Symbols bi are the distances of






























Figure 4.7: Schematics of spring based gravity compensator used with
AssistOn-Arm
During the analysis, masses of the compensator links and the exoskeleton
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are approximated as point masses located at their corresponding center of
masses; mi (i=1,..,4) represent mass of links, while me represents total mass
of the exoskeleton arm.
Let the zero-length spring deflections and spring constants be represented
by xi and ki, respectively. Symbol β denotes the angle between Link OR
and the horizontal axis in the counterclockwise direction, while θ denotes
the angle between Link OP and the vertical axis in the counterclockwise
direction. Due to kinematics of the parallelogram mechanism, Links OR
and PS are always parallel to each other. Similarly, Link OP is also always
parallel to Link RZ.
Passive gravity balancing is possible when a constant potential energy of
overall system is achieved. Omitting the negligible mass of the springs, the
potential energy resulting from the gravitational forces on mechanisms can
be computed as
Vg = −m1gc1 cos θ −m2g(l1 cos θ + c2 sin β)
−m3gc3 sin β −m4g(l1 sin β + c4 cos θ)
−meg(l1 sin β + l4 cos θ) (20)
where g represents the gravitational acceleration. Similarly, the potential














x21 = (b1 sin θ)
2 + (b1 cos θ + h)
2
x22 = (b3 cos β)
2 + (b3 sin β + h)
2
Then, the total potential energy in the system becomes
Vt = Vg + Vs = −m1gc1 cos θ
−m2g(l1 cos θ + c2 sin β)−m3gc3 sin β
−m4g(l1 sin β + c4 cos θ)−meg(l1 sin β









2 + b23 + 2b3h sin β) (22)




where ζ = [β; θ] represents the joint variables of the gravity compensator.
Spring constants for constant potential energy can be determined via
calculating the partial derivatives of potential energy with respect to joint
variables and setting them to zero as
k1 =




m2gc2 +m3gc3 +m4gl2 +megl2
b3h
(25)
Note that these spring constants are independent from the location of the
gravity center and the joint angles.
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Chapter V
5 Implementation of AssistOn-Arm
In this chapter, implementation details of the AssistOn-Arm are provided.
5.1 Actuation and Power Transmission
Safety is an imperative criteria for physical human-robot interaction. In order
to make human-robot interaction safe, both mechanical design and control
method used for interaction should ensure safety. Due to fact that control
strategies and performance of robots are closely correlated with the mechani-
cal properties of a robot; mechanical design, actuation and transmission play
important roles for achieving a safe human-robot interaction.
Safe robot design can be achieved via several different methods. As in-
trinsic safety precautions, low weight and inertia of an exoskeleton should be
taken into account as a mechanical design criterion to ensure safety [102].
Coupled stability of the controller also plays an important role for a safe
physical human-robot interaction. Robots that rely on closed loop force con-
trol suffer from fundamental control limitations and are guaranteed to be-
come unstable for large enough controller gains [65,103]. On the other hand,
open-loop force control does not utilize force/torque sensors. As a conse-
quence, this approach does not suffer from fundamental limitations of force
feedback approaches [104]. Because of this, open loop force and impedance
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control methods can easily designed to ensure coupled stability of interac-
tion through frequency domain passivity approaches. However, in order to
achieve good performance through open-loop force and impedance control
methods, the device should be designed as mechanically transparent as pos-
sible to mitigate effects of parasitic device dynamics.
Mechanical transparency can be achieved by designing the system pas-
sively back-driveable, and decreasing weight and inertia of the system as
much as possible. Passive back-driveability is a measure of resistance dis-
played by the device against motion when power is off. In an ideal back-
driveable device, users need to apply almost no force to move the device.
Consequently, in an ideal passively back-driveable system, friction, damping,
gravitational forces need to be kept negligibly small.
One approach to obtain a passively back-driveable design is to utilize
precise direct-drive motors to actuate individual joints. However, this option
is generally not feasible when large forces are necessary as the actuation size
became too large for practical use. Therefore, in order to deliver enough
torques to counteract against human torques during physical rehabilitation,
some kind of transmission is commonly required for the actuation.
Gear transmissions, such as planetary gears, are widely used in robotic
devices in order to amplify torques at output side. However, gear transmis-
sions are susceptible to power losses and it is hard to model friction forces
and suffer from precision due to backlash. Depending on the configuration of
stages and reduction ratio, gearboxes cannot just hinder but also can com-
pletely prevent passive back-driveability.
Another gear transmission that is commonly utilized in robotic devices
is the harmonic drive. Harmonic drive employs a compliant inner gear part
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that rolls on a rigid outer ring. Harmonic drives have very low internal
backlash; hence, they can be used for applications that require high position
accuracy. Furthermore, high transmission ratios enabled by harmonic drives
enable high torque output capabilities with compact designs. On the other
hand, harmonic drives suffer from high friction losses and do not provide
passive back-driveability.
Timing belt transmission requires larger space to operate compared to
gearbox transmissions. Furthermore, in order to obtain precise operation,
proper tensioning of the belt must be ensured. Besides, timing belt trans-
missions suffer from friction losses and require regular maintenance for safe,
long term operation. Along these lines gearboxes, hormonic drives and timing
belt transmissions are not preferred for actuation of impedance-type robots,
such as AssistOn-Arm.
In order to achieve a passively back-driveable actuation that can deliver
necessary torques for rehabilitation, capstan transmission is preferred for
AssistOn-Arm. Capstan is a cable based transmission method that utilizes
high tensile strength low stretch steel cables in order to transmit torque from
smaller pinions to larger disks, as depicted in Figure 5.1. The diameter ratio
between the actuated pinion and the driven disk defines the transmission ratio
of the capstan transmission. Assuming cable stretch is negligible, capstan
transmission does not suffer from friction losses, due to pure rolling motion
of cable during rotation around pinion and disk. Furthermore, thanks to the
continuous cable connection between the pinion and the disk, the capstan
transmission does not suffer from backlash.
While implementing a capstan transmission, there are important aspects
to be considered, as listed below.
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• Cables used for the transmission need to be properly tensioned to de-
liver forces between the actuated and the driven parts. For this purpose,
a tensioning mechanism for the cables should be implemented.
• Cable for the transmission should be selected with a safety factor of
at least 10 for dynamic movements, considering the maximum force
delivered by the actuation.
• Capstan transmission does not assume unlimited workspace as other
transmission methods, such as gears or belt transmissions. Dimensions
of disk and pinion need to be designed by considering the workspace of
the joint.
• Pinion of the capstan transmission should have large enough diameter
to satisfy the minimum turning radius of cables. Improper selection of
diameter leads to the loss of cable strength and life.
• The space between the pinion shaft and the disk should be larger than
the diameter of the cable and smaller than 2.5 times the diameter of
the cable.
• For long life cycle, pinion shaft should be threaded with a pitch that is
larger than or equal to the cable diameter, such that the cables travel
inside these threads during operation, rather than interacting with each
other.
• For long life cycle, two cables are recommended for delivering force to
different rotation directions rather than using one cable for the whole
operation. In this case, the ends of both cables need to be grounded to







Figure 5.1: Representation of capstan transmission method
All active DoF of AssistOn-Arm possess a passively back-driveable de-
sign, as their actuation and power transmission are implemented via capstan
driven direct drive DC motors. In particular, the first revolute joint is re-
sponsible for shoulder horizontal abduction/adduction movement possesses
a 1:24 capstan transmission, and is powered by a 48 V 250 W brushed DC
motor.
3RRP mechanism of AssistOn-Arm is designed to feature a circular
workspace, covering up to 300◦ rotational and 240 mm translational move-
ments in plane. 3RRP mechanism features dual layer capstan transmission
as shown in Figure 5.2. In particular, the first level capstan of transmis-
sion provides a 1:5 reduction ratio, while the second layer provides a 1:5.5
reduction ratio. As a result, the dual layer design provides an overall 1:27.5
ratio. To actuate the 3RRP mechanism, three 48 V 200 W brushed DC mo-
tors are employed. 3RRP mechanism provides a large torque output without
sacrificing passive backdrivability, not only due to the low friction capstan
transmission, but also due to the fact that this parallel mechanism acts as a
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physical torque summer, superposing the output torque of all three motors
at its end-effector. Furthermore, thanks to the parallel kinematics of 3RRP
mechanism, the motors are directly attached to the L-shaped link; hence,
gravity compensation is not required to counteract their weight.
First level capstan 
DC Motor
DC Motor




Figure 5.2: Solid model of 3RRP mechanism with dual layered capstan trans-
mission
In order to minimize the mass of actuators and reflected inertia during
power transmission while sustaining a high torque output, a single layer
capstan transmission is driven by two direct drive motors at the shoulder
internal/external joint. In particular, this joint has a 1:25 transmission ratio
and is powered with two 48 V 150 W brushed DC motors, as depicted in
Figure 5.3.
The elbow rotation features a dual layered capstan transmission with a
total of 1:29.5 transmission ratio, powered by a 48 V 260 W brushless DC
motor.
Figure 5.4 presents a solid model of AssistOn-Arm, while the actuation







Figure 5.3: Solid model of internal/external joint with a capstan transmission












Figure 5.4: Solid model of AssistOn-Arm
5.2 Power Electronics and Instrumentation
Power electronics of AssistOn-Arm consists of a 2.5 kW medical grade
isolation transformer, multiple medical grade switching power supplies and
six 250 W DCmotor drivers. The medical grade power supplies are connected
in parallel for redundancy. Furthermore, parallel connection allows only the
master unit to operate if the total output load is less than a certain threshold,










joint with capstan 
transmission
Figure 5.5: Transmission details of AssistOn-Arm
Each motor is equipped with an optical encoder. In addition to the
encoders attached to the driving shaft of the motors, absolute encoders are
attached to the driven link at each DoF. These redundant measurements are
useful, as they can be used for initialization of the system, as well as for
detection of several failure modes. A locking type electromagnetic brake is
employed at internal/external joint.
AssistOn-Arm is equipped with an industrial PC for its real-time con-
trol, while an EtherCAT bus is used to ensure real-time communication at
1 kHz sampling rate. Controllers are implemented through rapid prototyping
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on a host PC utilizing Matlab/Simulink, while control and data processing
take place on a target industrial PC running a real-time operating system
(xPC target kernel of Matlab).
5.3 Passive Gravity Compensation
The link lengths of the passive gravity compensation mechanism of AssistOn-
Arm are designed to ensure that the end-effector of this mechanism can track
the gravity center of the moving arm of the exoskeleton without any collisions.
The spring constants and the strokes of the zero-length springs determine the
connection points of springs to the passive gravity compensation mechanism.
Due to size limitations, the springs are not attached to links directly, but the
spring forces are transmitted via routed cables. The spring settlements and
the cable routing of the gravity compensator are depicted in Figure 5.6.
In Figure 5.7, a stand-alone solid model of the gravity compensation
mechanism is presented together with its link lengths. The spring forces
transmitted through cables are also depicted in this figure. Links are manu-
factured as custom aluminum parts and joints are supported with ball bear-
ings. The end-effector part of compensator is connected to the upper arm
part of the exoskeleton at the calculated center of gravity of the arm module
of the exoskeleton.
The center of mass of the arm module of AssistOn-Arm is located in
such a way that, when there is a movement at shoulder module, it translates
along a C shaped workspace, as depicted with the red circles in Figure 5.8.
The black stars in Figure 5.8 represent the workspace of the passive grav-
ity compensation mechanism. The passive gravity compensation mechanism











Front view Back view
Figure 5.6: AssistOn-Arm prototype detailing the overall structure and
the springs of the passive gravity compensation mechanism located at the
back side of shoulder module
Configurations that the gravity compensator cannot reach are already infea-
sible configurations for the exoskeleton, due to inherent self-collisions of the
device.
Considering the weights of the links of the gravity compensator, the
moving arm of AssistOn-Arm, and 3.2 kg of the average human arm
weight [105, 106], the spring constants of the gravity compensation mech-
anism are determined as k1 = 3.1 N/mm and k2 = 2.1 N/mm, respectively.
The motion of the 3RRPmechanism and the rotational motion of shoulder
internal/external joint do not change the position of the gravity center with
respect to the end-effector of the passive gravity compensation mechanism.
However, the rotation of elbow joint or a combined rotation with the shoulder
internal/external joint changes the location of the gravity center and affects









End effector of 
mechanism
Figure 5.7: Solid model of parallelogram based gravity compensation mech-
anism
In Figure 5.9, passive gravity compensation performance of AssistOn-
Arm is plotted with respect to elbow flexion angles. In particular, for this
analysis, the potential energy stored at the gravity compensation mechanism
has been calculated and compared with the gravitational potential energy of
the system for various elbow joint configurations. For the majority of ADL
that utilize the elbow joint [107, 108], gravity compensation mechanism can
passively compensate for more than 70% gravitational forces, including the
weight of the patient's arm and the system. The remaining forces can be
compensated actively utilizing the gravity model of the system.
Figure 5.10 presents a prototype of AssistOn-Arm attached to a healthy
volunteer.
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Figure 5.8: Workspace of parallelogram based the gravity compensation
mechanism and center of mass of AssistOn-Arm




















Figure 5.9: Performance characteristics of parallelogram based gravity com-
pensation mechanism with respect to elbow joint motions
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Figure 5.10: A prototype of AssistOn-Arm
65
Chapter VI
6 Characterization of AssistOn-Arm
In this chapter, we evaluate the performance of AssistOn-Arm through
numerical computations and experimental evaluations.
6.1 Manipulability of 3RRP Mechanism
Manipulability measure is a commonly used metric to study performance of
manipulators. While a very low value of the manipulability measure indi-
cates presence of a singularity, high manipulability indicates a high kinematic
performance of a manipulator. Furthermore, manipulability measure can be
used to evaluate isotropy of a mechanism, characterizing the homogenous
behaviour of a manipulator over its workspace. In this section we analyze
manipulability of the self-aligning 3RRP mechanism, in order to evaluate the
isotropy of the mechanism within its workspace, and to study its distance to
singularities.
Manipulability measure, calculated using the kinematic Jacobian, is di-
mensionless. On the other hand, kinematic Jacobian of manipulators that
contain different type of joints (prismatic, rotational) and multiple DoF may
contain mixed physical units. Along these lines, the kinematic Jacobian needs
to be normalized to obtain comparable physical units, before the manipula-
bility measure can be computed. We have adapted a normalization technique
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where Jk is the kinematic Jacobian of the manipulator, SJ is the maximum
torque/force capabilities of actuators and ST denotes the maximum desired
torques/forces of manipulator at its end-effector.
After the normalized Jacobian matrix is obtained, the manipulability
measure u of system is derived through the equation
u =
√
Jˆ JˆT . (27)
Manipulability of the 3RRP mechanism is plotted in Figure 6.1 as a con-
tour plot, when the end-effector rotation is kept at θ = 0◦. The manipulabil-
ity values are normalized by dividing them with the largest manipulability
within the whole translational workspace.
Figure 6.1 shows that the manipulability measure is bounded away from
singularities and its variation stays within 25% of its maximum value, indi-

























Figure 6.1: Normalized manipulability of 3RRP mechanism at θ = 0◦
Figure 6.2 presents the manipulability of the mechanisms when the end-
effector is rotated from θ = 0◦ to θ = 120◦ with 30◦ intervals. Note that
rotations above θ = 120◦ need not be plotted due to the symmetric construc-
tion of the mechanism. According to Figure 6.2, 3RRP mechanism preserves
its isotropic nature even under rotations of its end-effector.
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θ = 0 degree
θ = 30 degree
θ = 60 degree
θ = 90 degree
Figure 6.2: Manipulability of 3RRP mechanism for at various orientations of
its end-effector
6.2 Performance Characterization of AssistOn-Arm
Transmission ratios and actuators of AssistOn-Arm are determined by con-
sidering the human force/torque limits. The first revolute joint responsible
for shoulder horizontal abduction/adduction movement can deliver 12 Nm
continuous torque through a 1 : 24 transmission ratio. The 3RRP mecha-
nism can deliver up to 135 N force and 36.5 Nm torque continuously along
its translational and rotational DoF, respectively, thanks to its dual layered
capstan transmission with an effective transmission ratio of 1 : 27.5. In-
ternal/external rotation of shoulder joint of the exoskeleton has a 1 : 25
capstan ratio and is actuated by two motors to exert 9.5 Nm continuous
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torque. Elbow module can deliver 30 Nm continuous torque, with its 1 : 29.5
transmission ratio. Peak torques at each joint are limited by the continuous
current that can be supplied by the drivers. Peak torques can be delivered
for periods exceeding 60 s without any active cooling requirements for the
motors. Table 6.1 provides a summary of force/torque output capabilities of
AssistOn-Arm, together with its actuation details.
Table 6.2 presents the experimentally verified actuation characterization
of the standalone 3RRP mechanism, together with its encoder resolution.
The table also includes experimentally characterized passive backdrivability
of the 3RRP mechanism, reporting the minimum force/torque levels to be
exerted to the system in order to move it when all actuators are off. Passive
backdrivability characterization of this mechanism indicates that the end-
effector of 3RRP mechanism can be moved with less than 4.5 N along the
translational directions, while less than 0.95 Nm torque is required for its








































































































































































































































































































































































































































































Table 6.3 presents the experimental characterization of the passive back-
drivability of AssistOn-Arm. This experimental characterization is per-
formed when all modules of the exoskeleton, including the 3RRP mecha-
nism, shoulder internal/external rotation, elbow rotation and passive gravity
compensation mechanism are attached to the exoskeleton. Passive backdriv-
ability experiments indicate that the first revolute joint can be moved with
about 1.6 Nm torque. The end-effector of 3RRP mechanism can be moved
with 10 N force along the translational directions, while a torque of about
2.6 Nm is required for shoulder flexion/extension rotation. Moreover, the
shoulder internal/external joint can be moved with 1.4 Nm, while backdriv-
ing the elbow joint requires about 1.6 Nm torque.
Table 6.3: Experimental back-driveability characterization results of realized
assembly
Criteria Back-driveability
Horizontal abduction/adduction 1.56 Nm
Horizontal DoF of 3RRP 10.67 N
Vertical DoF of 3RRP 10.02 N
Rotational DoF of 3RRP 2.56 Nm
Shoulder internal/external joint 1.33 Nm
Elbow joint 1.58 Nm
AssistOn-Arm is attached to its users via three interaction points lo-
cated at the upper arm, the lower arm, and its handle. It is intuitive to
map the backdrivability levels listed in Table 6.3 to forces that need to be
applies at the handle of the exoskeleton. Along these lines, 2.6 N is re-
quired to be applied at the handle for initiating passive movements of the
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shoulder horizontal abduction/adduction, 4.2 N is required for the shoulder
flexion/extension, and 2.6 N is required for the elbow rotation. These values
verify that a high level of passive backdrivability has been achieved with the
implementation of AssistOn-Arm as an impedance type device.
The workspace of AssistOn-Arm has also been experimentally veri-
fied. Videos demonstrating the workspace, passive backdrivability, and self-




7 Interaction Control And Operation Modes of
AssistOn-Arm
Control methods used to implement rehabilitation exercises with AssistOn-
Arm can be loosely categorized into two: interaction control and path track-
ing control. To ensure safety of interactions, impedance characteristics of
the robot at the interaction port needs to be controlled precisely [68]. For
interaction control, the impedance control approach is utilized. For some
operation modes under interaction control, velocity and force control ap-
proaches are also employed. Path control methods are essential to induce
desired movements while ensuring coordination and synchronization among
various degrees of freedom. Path control decouples the speed of movement
from the coordination aspects of the exercise, enabling task speed to be in-
dependently controlled to match requirements of the patient. Path control
can be used to impose exercises at the preferred pace of the patient, to break
undesired synergy patterns and to assists patients as needed.
7.1 Interaction Control of AssistOn-Arm
Safe and natural physical human-robot interactions form the basis of suc-
cessful applications in rehabilitation robotics. Along these lines, many robot
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designs and impedance control schemes [110] have been proposed.
Most of the exoskeletons rely on closed-loop force control to compensate
for parasitic forces originating from their mechanical design. Unfortunately,
the performance of all causal force feedback controllers suffer from a fun-
damental limitation imposed by the inherent non-collocation of sensors and
actuators. In particular, the inevitable compliance between the actuators
and the force sensor results in a fundamental performance limitation for in-
teraction controllers, by introducing an upper bound on the loop gain of the
closed-loop force-controlled system. Above this limit, the closed-loop system
becomes unstable [65, 103]. Hence, proper adjustment the controller gains
becomes a safety critical task with force feedback.
Guaranteeing safety of interactions when the exoskeleton is coupled to a
human user is an imperative design requirement that dominates the whole
mechatronic system design process. The safety of interaction requires study
of the coupled stability of the controlled exoskeleton together with the human
operator. The presence of a human operator in the loop significantly compli-
cates the stability analysis, since a comprehensive model for human dynamics
is, in general, not available. Contact interactions with the environment pose
similar challenges.
The coupled stability analysis of physical human-robot-interaction sys-
tems in the absence of human and environment models is commonly con-
ducted using the frequency domain passivity framework [104, 111, 112]. In
this approach, it is assumed that the human operator does not intentionally
try to destabilize the system, that is, the intentional part of human inputs
is state independent. Under this assumption, the human can be treated as a
passive network element in the closed-loop analysis, and coupled stability can
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be concluded through frequency domain passivity arguments [104]. A pas-
sivity based design approach is advantageous as it provides robust stability
for a large range of realistic human and environment models.
AssistOn-Arm has been designed as a mechanically transparent impedance
type robot such that robust and high-fidelity interaction control can be
achieved in an open-loop fashion. In particular, the motor torques/impedances
of AssistOn-Arm are directly mapped to the end-effector forces/impedance
at high control bandwidths. Avoiding the use of force sensors, AssistOn-
Arm does not suffer from the fundamental the limitation of force-feedback
controllers imposed by the non-collocation. More importantly, ensuring cou-
pled stability of interactions through the frequency domain passivity frame-
work is trivial for open-loop controllers [104].
Due to its open-loop control architecture, the control performance of
AssistOn-Arm relies on the transparency of its mechanical design. In par-
ticular, high stiffness, low inertia, and highly passively back-driveable design
minimizes parasitic forces, ensuring high interaction control performance of
AssistOn-Arm.
Figure 7.2 presents the open-loop impedance control scheme used to con-
trol AssistOn-Arm. In Figure 7.2, q and q˙ represent the joint positions and
velocities, x˙ indicate the task space velocities of AssistOn-Arm. Mapping
from the joint space to the task space is realized with the kinematic Jaco-
bian Jk. The desired impedance is set to Zd during open loop impedance
control. Fd represents the reference force/torque trajectories at the task
space of the robot. Symbols τd, τff , τg and τ represent the desired, the
active feed-forward gravity compensation, the passive gravity compensation
and the motor torques at the joint space, respectively. M denotes the inertia
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matrix, C is the Coriolis matrix and G indicates the gravity matrix of the
exoskeleton. P signifies the gravity matrix that models the passive gravity
compensation mechanism. The symbol (ˆ.) denotes estimates of the actual
system parameters. Thick lines represent physical forces.
Figure 7.1 presents sample experimental results collected during the joint
space impedance control of the first joint of AssistOn-Arm, which is respon-
sible for shoulder horizontal abduction/adduction movement. A sinusoidal
reference trajectory with a 50◦ amplitude and 0.4 Hz frequency is imposed to
joint. The controller stiffness of the joint space impedance controller is set to
600 Nm/rad. RMS error for this trajectory tracking experiment is calculated
as 1.05%.













Figure 7.1: Reference and experimentally measured trajectories during the













































































































































































Figure 7.3 depicts sample experimental results collected during the task
space impedance control of the 3RRP mechanism of AssistOn-Arm. Dur-
ing this experiment, the translational DoF of 3RRP are set to stay constant
at the center of their workspace, while the rotational DoF of 3RRP is de-
sired to follow a sinusoidal reference trajectory with 57.3◦ (1 rad) amplitude
and 0.6 Hz frequency. The controller stiffness of the joint space impedance
controller is set to 200 Nm/rad. RMS error for this trajectory tracking ex-
periment is calculated as 1.03% .

















Figure 7.3: Reference and experimentally measured trajectories during the
task space impedance control of the rotational DoF of the 3RRP mechanism
Figure 7.4 depicts sample experimental results collected during the task
space impedance control of the translational DoF of 3RRP mechanism of
AssistOn-Arm. During this experiment, a circular reference trajectory with
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150 mm diameter is imposed to end-effector of 3RRP, while the orientation
of 3RRP mechanism is commanded to stay constant. The frequency of the
circular movement is set as 0.5 Hz. The controller stiffness of the task space
impedance controller is set to 33 N/mm along the translational DoF. RMS
error for this task space trajectory tracking experiment is calculated as 1.4%.























Figure 7.4: Reference and experimentally measured trajectories during the
task space impedance control of the translational DoF of the 3RRP mecha-
nism
Figure 7.5 presents sample experimental results collected during the joint
space impedance control of the shoulder internal/external rotation of AssistOn-
Arm. A sinusoidal reference trajectory with a 28.64◦ (0.5 rad) amplitude
and 0.66 Hz frequency is imposed to the joint. The controller stiffness of the
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joint space impedance is set to 100 Nm/rad. RMS error for this joint space
trajectory tracking experiment is calculated as 3%.

















Figure 7.5: Reference and experimentally measured trajectories during the
joint space impedance control of the internal/external rotation
Figure 7.6 depicts sample experimental results collected during the joint
space impedance control of the elbow joint of AssistOn-Arm. A sinusoidal
reference trajectory with 28.64◦ (0.5 rad) amplitude and 0.66 Hz frequency
is imposed to the joint. The controller stiffness of the joint space impedance
control is set to 200 Nm/rad. RMS error for this joint space trajectory
tracking experiment is calculated as 0.8%.
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Figure 7.6: Reference and experimentally measured trajectories during the
joint space impedance control of the elbow joint
In addition to trajectory tracking, in order to observe the impedance
rendering performance of the system, a stiffness rendering experiment is re-
alized for the self aligning 3RRP mechanism located at the shoulder. During
the experiments, a virtual stiffness is rendered through open-loop impedance
control. Various loads ranging from 425 g to 5000 g are hanged to the end-
effector of the 3RRP mechanism and the deflections of the end-effector are
measured. A force sensor located at the end-effector is also used to verify
the loads.
Figure 7.7 depicts sample experimental results collected during the stiff-
ness rendering experiment under open-loop impedance control, where the
virtual stiffness is set to 5 N/mm. In the figure, diamonds represent the
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experimentally determined stiffness values, while the blue line is the best
line fit to the data computed in the least square sense. The slope of this
line is computed as 5.06 N/mm, which serves a good estimate of the stiff-
ness level experienced during the rendering experiment. RMS error for this
stiffness rendering experiment is 1.2%. This experiments not only shows the
impedance rendering performance, but also verifies the mechanical trans-
parency of AssistOn-Arm as the rendering experiments are performed with
an open-loop impedance controller.






















Figure 7.7: Rendering virtual stiffness of 5 N/mm under open-loop
impedance control
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The rest of interaction control section describes various modes of opera-
tion of AssistOn-Arm that rely on impedance control. With the help of a
user-interface, a therapist can select the desired mode of operation as well as
the targeted DoF, stiffness of the interaction, and the number of repetitions.
7.1.1 Isometric Mode
During isometric exercises, the length of the muscle does not change and
the joint that muscles work around does not move. Pushing a steady wall
with your limb can be considered as an instance of this exercise. Isometric
exercises can be applied at the early stages of rehabilitation process in order
to minimize muscle atrophy [113].
Isometric exercises are one the basic methods in rehabilitation that can
be applied by therapists or patients themselves. Isometric exercises help
specific muscles to be strengthened, improve joint flexibility and improve
neuromuscular recruitment just after surgery or injury [114].
AssistOn-Arm can deliver isometric exercises to the shoulder complex
and elbow under impedance control by implementing stiff virtual constraints.
The exoskeleton does not allow for motion around specified constraints. The
torques applied during the exercise are provided to the patient as visual
feedback and can be reported to the therapists for evaluation.
7.1.2 Isotonic Mode
Isotonic exercise is defined as the dynamic muscular work against a constant
force or torque [115]. During isotonic exercises, muscle fibers shorten and
return their original length, dynamically. For instance, push-up exercises,
stair climbs or dumbbell exercises are considered as isotonic exercises. Iso-
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tonic exercises are not only beneficial for fitness, but can also be used for
rehabilitation. In particular isotonic exercises increase the range of motion
of joints, help to add muscle mass and power and improve joint strength.
AssistOn-Arm can deliver isotonic exercises to all revolute joints by
implementing a force controller. In this particular exercise, the exoskeleton
permits motion of the DoF while giving a constant torque to the specified
DoF. During isotonic exercises, the direction and intensity of the joint resis-
tance can be adjusted as required.
7.1.3 Isokinetic Mode
Isokinetic exercises are realized with a constant speed while matching the
muscle forces [116]. To implement isokinetic exercises, a device should change
and match the resistance against the limb, as the user applies force to the
device. Swimming can be considered as the closest example to an isoki-
netic exercise. Isokinetic exercises are advanced exercises, applied at the
later phases of rehabilitation or with the healthy subjects for the purpose of
training and gaining athletic performance. Isokinetic exercises help to gain
muscle mass, endurance and strength, enable tracking of the development of
joint or muscle group and offer concentric-concentric, concentric-eccentric, or
eccentric-eccentric actions at various velocities [117].
In the isokinetic mode, patients are expected to exert as much torque to
the selected rotational joints as possible. During this rehabilitation mode,
exoskeleton resists the applied force/torque with same amount, such that the
exoskeleton starts motion and follow a sinusoidal trajectory while ensuring
that the desired velocity is realized under a velocity control.
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7.2 Path Following Control of AssistOn-Arm
In many daily tasks, such as reaching and exercising, individuals need to
complete tasks, decoupled from the timing. In particular, the shape of the
contour, capturing the coordination and synchronization of the limb move-
ments are the important factors during motion in order to achieve the task.
To achieve natural movement ability of the limb after stroke, physical therapy
is mainly focused on specific coordination movements of human limbs while
exact timing of the exercise is left to the patient. In order to administer such
exercises, path following control can be used.
Another important consideration for the control of rehabilitation robots is
radial reduction. During trajectory based control methods, if external forces
constrain the motion of the robot, the reference position will keep on advanc-
ing as the time progresses. Under these controllers when the external forces
are removed, the robot trajectory may significantly deviate from the desired
contour. Hence, during trajectory control, sharp and sudden movements of
the controller may injure the patients. Radial reduction can be prevented,
and smooth motion can be obtained with path following control methods.
7.2.1 Record and Play
A general rehabilitation timeline spans from the day after the stroke, to
months and even to years. During the first stage of post-stroke, patients gen-
erally cannot move limbs of the affected area. In order to prevent abnormal
muscle co-activation, loss of inter-joint coordination, and loss of muscle tone
and power, rehabilitation process should start as soon as possible. On the
other hand, during the acute phase, the limb of patient is unresponsive [118]
and patient is in passive state; hereby, rehabilitation exercises should be
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given to the patient in a mode where the patient is passive. Since move-
ments can be administered by the robot with Record and Play mode, this
mode can be used in all phases of rehabilitation including the acute phase.
As name suggests, in this mode movements are recorded and delivered using
the exoskeleton.
During the recording phase, in order to provide back-driveability and
easy-of-use for the therapist, active gravity compensation is applied to cancel
any remaining gravitational forces effecting the exoskeleton.
After the therapist introduces the desired movement to the patient, a
continuous path is fitted to the desired movement. The generated path is
independent of the time; hence, any preferred velocity can induced along
the generated path. Next, a virtual tunnel around the desired path is im-
plemented to introduce a workspace limit and to avoid access to undesired
regions. In the virtual tunnel, users can move freely, but cannot violate the
limits of the virtual wall. This feature of the wall ensure variation inside the
wall. As a consequence, repetitive tasks without repeating the same motion
can be obtained.
Virtual tunnel for robotic devices can be generated in two ways: in joint
space or task space. A joint level virtual tunnel is simply defines a two
dimensional envelope around the movement path of the joint. For reaching
exercises, utilizing a virtual tunnel around movement of the end-effector may
be more meaningful. Considering the Cartesian movement of the end-effector,
a virtual tunnel on the end-effector movement can be visualized as a circle




Figure 7.8: A virtual tuunel around the path during a Record-and-Play ex-
ercise
Parameters of the virtual tunnel can be modified in order to make the
task more challenging, or the virtual tunnel can generated close to the desired
path in order to ensure that user follows the desired path in a precise manner.
A force field perpendicular to the path, known as corrective control, is
generated to guide the users towards to the desired path. The strength
of the corrective control force is proportional to the distance between the
measured position and the desired path. The parameters for the corrective
controller can be adjusted to provide strict or loose control towards the path.
A tangential force field along the path, known as assistive control, is also
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applied to the users in order to assist the movement. This force field can be
adjusted in order to control the speed of the task.
After the patient starts to take initiative and move limbs, then more
advanced control modes, such as Assist-As-Needed mode, can be utilized.
Since Assist-As-Needed mode promotes users to move limbs and actively
participate to the exercises.
7.2.2 Assist-As-Needed
Assist-As-Needed (AAN) control method is an adaptive control approach [119]
that adjusts the level of assistance during rehabilitation exercises. AAN
control method has been widely utilized in the literature for rehabilitation
in order to induce active participation of users to the rehabilitation pro-
cess [120127].
Apart from the adaptation of the assistive force field, AAN control mode
and Record-and-Play mode are implemented similarly. Generation and mod-
ification of assitive force field help AAN controller to exert proper level of
assistance to the patient to ensure task completion, while maximizing the
engagement of the patient.
Assistance level with the AAN controller can be determined by evaluating
the performance of the patient during the exercise. Velocity of the movement
of the patient can be used as a simple and meaningful metric for determining
the performance of the task. Along these lines, a threshold velocity can be
specified, and if the user is moving slower than the threshold velocity, than
AAN control can modify the assistance force field accordingly.
In order to be able to claim coupled stability during exercises through
the frequency domain passivity, the force fields may be implemented in a
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feedforward manner, such that they are independent from the states of the
system. To ensure state independence, assistance level may be adapted in an
oine manner; after each movement of the user is completed. This way, the
updated force field of AAN controller is delivered to each new movement.
During implementation, as the first step of the adaptation of the as-
sistance force field of AAN controller, the generated path is divided into
subsections. The movement pattern of user is observed for every subsection
of the path. If the median velocity of user movement is slower than the
threshold velocity of υ within these subsections, then the assistive force field
is updated with F || to provide larger assitive forces for the next repetition
of movement for that specific subsection. In particular, the force F || along
tangential direction of the path can be calculated as







where ρ defines the maximum amount of assistance and is determined based
on the needs of the patient. In order to ensure smooth assistance to the
user, the additional force field is generated based on a sigmoid function.
The symbol v denotes the measured mean velocity of the user during an
individual subsection, while δ adjusts the steepness of the sigmoid force curve.
The default value of δ is taken as 2 for the AAN controller implemented in
AssistOn-Arm. Assistance level is decreased in a similar manner.
During the modes that utilizes the path following control, such as Record
and Play and Assist-As-Needed, the parameters that determine the properties
of the virtual tunnel and the force fields can also be adjusted in order to
make the exercises more (or less) challenging for the users. For instance,
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the diameter of the virtual tunnel can be modified in order to allow free
movements around the path, or the normal force field can be reversed in a
such a way that it pushes the user away from the desired path to provide
disturbances. In these situations, the user needs to spend more effort to
realize the desired movement. Therapist, as the main decision maker, can
determine the parameters of each mode and develop personalized exercises
for each patient.
Most of the stroke patients cannot move their limbs in the first phases of
post-stroke period. At the first phase of post-stroke, modes based on path
following control method can be used to deliver movements to patients, in
order to realize reaching exercises and increase their range of motion. On
the other hand, for the operation modes and exercises based on interaction
control such as isometric, isotonic, isokinetic modes, active participation of
the user is required. In this sense, these operation modes can not only be
utilized for stroke patients in the late phases of the rehabilitation, but also for
patients that have orthopedic problems and require exercises. In particular,
these modes can be used for muscle strengthening, improving joint flexibility
and muscle tones of even healthy users, such as athletes.
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Chapter VIII
8 User Studies with AssistOn-Arm
We have verified the ergonomic movement, workspace, range of motion and
useability of AssistOn-Arm through a set of human subject experiments
as follows.
8.1 Participants
Five volunteers (4 males and 1 female) with ages between 20 to 30 partic-
ipated in the experiment. None of the participants had any sensory-motor
impairments. All participants signed an informed consent approved by IRB
of Sabanci University.
8.2 Experimental Setup
The experimental setup consisted of an AssistOn-Arm prototype as shown
in Figure 8.1. This prototype featured custom 3D printed covers to ensure
that moving parts and cables were not exposed to the volunteer. Volunteers,
therapists and researchers who supervise the experiments were equipped with
emergency stop buttons to terminate the trials, if necessary. When the emer-
gency stop button is pressed, the exoskeleton floats in space thanks to its
passively back-driveable design with spring-based gravity compensation.
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Figure 8.1: AssistOn-Arm prototype used during the human subject ex-
periments
8.3 Experimental Procedure
Before the experiment, volunteers were introduced to AssistOn-Arm, in-
formed about the purpose of the study, trained about the safety features of
the device, and asked to utilize the emergency stop button anytime whenever
they felt uncomfortable.
The setup time required to attach volunteers to the exoskeleton took less
than a minute, thanks to the self-aligning nature of AssistOn-Arm. Fol-
lowing the explanations, the volunteers went through an unrecorded session
for 300 s in order to familiarize themselves with AssistOn-Arm.
Two experimental conditions, patient active and patient passive, were
tested for flexion/extension movements in the sagittal plane and abduc-
tion/adduction movements in the frontal plane. The conditions were pre-
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sented to the volunteers in a randomized order. Each condition was tested
with five consecutive trials and data was recorded using AssistOn-Arm.
For the patient active condition, volunteers moved the exoskeleton to
perform the instructed movement, while AssistOn-Arm provided no as-
sistance other than compensation of its weight. In particular, to perform
flexion/extension movements, the volunteers were instructed to start at a
configuration when their arm was oriented vertically down and their palm
was facing toward their body. Then, they were asked to raise their arm
with a constant speed movement in the sagittal plane, until it was oriented
vertically up. They were also instructed to keep their elbow locked during
the motion. Next, they were asked to reverse the movement such that they
reached their initial pose. A short break was scheduled before the volunteers
started the next trial.
Similarly, to perform abduction/adduction movements, the volunteers
were instructed to start at a configuration when their arm was oriented ver-
tically down and their palm facing forward. Then, they were asked to raise
their arm with a constant speed movement in the frontal plane, until it was
oriented vertically up. They were also instructed to keep their elbow kept
locked during the motion. Next, they were asked to reverse the movement.
A short break was scheduled between consecutive trials.
For the patient passive condition, first a therapist moved the volunteer
with the exoskeleton to record flexion/extension movements in the sagittal
plane and abduction/adduction movements in the frontal plane, as instructed
in the patient active condition. Then, these recorded trajectories were played
back to the user through the impedance controller. An impedance controller
with 33 N/mm stiffness along translational directions, 280 Nm/rad stiffness
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about the rotational DoF of the 3RRP were utilized during the patient passive
trials.
8.4 Performance Measurement
Range of motion during flexion/extension and abduction/adduction move-
ments were used to evaluate the ergonomic fitness and workspace of AssistOn-
Arm with volunteers.
Repeatability of the therapist recorded movements in the patient passive
condition, when users were attached to the device, was used to evaluate the
trajectory tracking performance of AssistOn-Arm. Repeatability is used
for indicating the precision of robots. It represents how well a robot will
return the same position, or track the same trajectory in a repeated manner.
Smoothness analysis during rehabilitation has been used for evaluating
movement capabilities and progress of neurologically impaired patients. Dur-
ing rehabilitation, as the recovery takes place, movements of patients be-
come less fragmented and more coordinated [128]. Furthermore, maximizing
smoothness has been shown to be competent mathematical model of coordi-
nation. For the patients that are in the late phases of rehabilitation or for
healthy individuals smooth movements can be observed.
Apart from observing recovery and movement coordination of patients,
smoothness analysis also can be utilized for evaluating the transparency of
a wearable mechanism. When a healthy user delivers movement with an
ideally back-driveable and mechanically transparent exoskeleton, a smooth
and natural movement is expected to be observed.
The time required to attach the volunteers to AssistOn-Arm and start
administering required movements was recorded to evaluate useability of
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the device. Furthermore, qualitative feedback from both the therapists and
the volunteers were collected to evaluate the user-friendliness and perceived
safety of the device.
8.5 Results and Discussion
8.5.1 Range of Motion
Figures 8.2 and 8.3 present data collected when volunteers performed flex-
ion/extension movements in the sagittal plane and abduction/adduction move-
ments in the frontal plane, during the patient active condition, respectively.
In particular, movement of each volunteer is depicted with a solid line rep-
resenting the average movement pattern and an enveloping shaded area rep-
resenting deviations from the mean during 5 consecutive trials performed by
the volunteer. The horizontal green dashed lines mark the joint limits of
AssistOn-Arm.

















Figure 8.2: Data recorded during flexion/extension movements in the sagittal
plane during patient active trials
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Figure 8.3: Data recorded during abduction/adduction movements in the
horizonal plane during patient active trials
Figure 8.4 presents the motion of humerus head in the sagittal plane dur-
ing flexion/extension of the shoulder complex from a sample trial of a vol-
unteer. In this figure, blue lines represent the actual movement of humerus
head, while numbers inside circles depict the flexion amount. The dexterous
workspace of the 3RRP mechanism is marked with green dashed lines. Simi-
larly, Figure 8.5 presents the motion of humerus head in the sagittal plane of
five volunteers during consecutive flexion/extension of the shoulder complex.
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Figure 8.4: Translations of the humerus head in the sagittal plane of a volun-
teer during flexion/extension of the shoulder complex during a patient active
trial
Figures 8.2 and 8.3 provide evidence that AssistOn-Arm does not limit
the movements of volunteers as they were able to perform smooth natu-
ral movements within their range of motion. They also indicate that the
workspace of device is large enough to accommodate flexion/extension and
abduction/adduction movements of shoulder complex of a variety of users.
In particular, volunteers were able to reach to their natural joint limits by
rotating their shoulder in a range that extended to vertically up and down
postures during both of these movements.
Figures 8.4 and 8.5 indicate that AssistOn-Arm can accommodate a wide
variety of scapulahumeral movements. In particular, one can observe from
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these figures that humerus head follows a distinct closed loop trajectory dur-
ing flexion/extension movements, which is unique to each volunteer based
on the individual characteristics of their bones, ligaments, muscle structures,
as well as how the volunteer is attached to the device. Furthermore, these
results provide evidence that the workspace of the device is sufficient to ac-
commodate SH rhythms of a variety of users.
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Figure 8.5: Translations of the humerus head in the sagittal plane of five
volunteers during flexion/extension of the shoulder complex during patient
active trials
8.5.2 Repeatability
Figures 8.6 and 8.7 present data collected when therapist recorded flex-
ion/extension movements in the sagittal plane and abduction/adduction move-
ments in the frontal plane were imposed to volunteers during the patient
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passive condition, respectively. Movements of each volunteer are depicted
with a solid line for five consecutive trials performed. The horizontal green
dashed lines mark the joint limits of AssistOn-Arm.
















Figure 8.6: Data recorded during flexion/extension movements in the sagittal
plane during patient passive trials
















Figure 8.7: Data recorded during abduction/adduction movements in the
frontal plane during patient passive trials
Figures 8.8 and 8.9 present the motion of humerus head in the sagittal
plane and frontal plane of five volunteers during consecutive flexion/extension
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and abduction/adduction movements of the shoulder complex during patient
passive trials, respectively. The dexterous workspace of the 3RRP mechanism
is marked with green dashed lines.
-100 -50 0 50 100





















Figure 8.8: Translations of the humerus head in the sagittal plane of five
volunteers during flexion/extension of the shoulder complex during patient
passive trials
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Figure 8.9: Translations of the humerus head in the frontal plane of four vol-
unteers during abduction/adduction of the shoulder complex during patient
passive trials
Figures 8.6 and 8.7 provide evidence that impedance controller of AssistOn-
Arm can impose the desired movements to volunteers with high repeatability,
as the RMS error for trajectory tracking is less than 1% for all trials. Fig-
ures 8.8 and 8.9 indicate that AssistOn-Arm can accommodate indivual
SH rhythms of volunteers in the sagittal and the frontal planes to impose




In the literature, there are different metrics that are used for quantifying
smoothness and coordination of movement. Most studies uses jerk, time
derivative of acceleration, for determining the smoothness. A normalized
and dimensionless squared jerk metric is commonly used in order to mea-
sure smoothness of movements [128130]. Dimensionless squared jerk metric
measure increases as the magnitude of speed fluctuations increase. Further-
more, this measure increases monotonically with the temporal separation
between submovements. Hence, it properly captures common departures
from smoothness, including multiple speed peaks and periods of arrest.
Dimensionless squared jerk metric is preferable as it is insensitive to move-
ment amplitude and duration, while capturing and quantifying common de-
viations from smooth and coordinated movement. Dimensionless normalized










where x(t) is the configuration level movement and D equals to t2 − t1.
Symbols t2 and t1 represents the final and the initial times of the movement,
respectively. Symbol vmax is the peak velocity that can be achieved during
the movement. According to this definition, a minimum jerk trajectory can
be modeled as













where xi and xf are the initial and the final positions of the movement,
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respectively. Here, t represents time and d represents the final time when the
movement is terminated.
In order to analyze the smoothness of the movement with AssistOn-
Arm, shoulder flexion movements actively delivered by five participants are
compared with the same movement delivered by the exoskeleton. When
participants are actively executing these movements, the exoskeleton is used
only for recording the flexion movements. Later, each recorded movement is
fitted with a minimum jerk path, in order to generate a smooth movement
to be delivered by the exoskeleton. Then, these movements are actively
delivered to the users by the exoskeleton, where users are instructed passive.
Lastly, dimensionless jerk metric analysis for both user active and user passive
movements are performed.
In Figure 8.10, the dimensionless jerk metric analysis results of shoulder
flexion movements are depicted. According to dimensionless jerk analysis,
smaller values of jerk metric indicate smoother movements than higher values.
The result for dimensionless jerk metric analysis for user passive movements
are depicted with dotted curves, while user active ones are presented with
continuous curves. Since there is no multiple speed peaks, periods of arrests
or sudden movement changes due to parasitic device dynamics, dimensionless
squared jerk analysis results of all active and passive flexion movements are
accumulated at the top of the figure, indicating smooth movements.
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Figure 8.10: Dimensionless jerk metric analysis of user active and passive
shoulder flexion movements
In order to better evaluate the smoothness of these movements, a slightly
disturbed movement and a movement with arrest, depicted in Figure 8.11,
are generated. In Figure 8.11, also the difference between user active and
user passive movements can be observed. Even though the disturbed move-
ment path does not include periods of arrest or sudden changes, the di-
mensionless jerk metric increases very quickly as expected. On the other
hand, hand movement with arrest change the dimensionless jerk measure
dramatically, indicating deteriorated smoothness. The user active and user
passive movements have much smaller dimensionless jerk measures indicating
their smoothness. Furthermore, there seems no significant difference between
user active and user passive movements, verify the transparent operation of
AssistOn-Arm.
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Movement path: user active
Movement path: user passive
Disturbed movement path
Movement with arrests
Figure 8.11: User active and user passive shoulder flexion movement together
with a generated disturbed movement path
8.5.4 Quantitative Evaluation
During the post trial interviews, all of the therapists who used the device
indicated that they found the device safe and easy-to-use. They evaluated
the self-aligning property as an indispensable feature for achieving the de-
sired RoM, while the passive back-driveability was perceived as an important
safety feature. Furthermore, they indicated that the easy setup of the device
significantly improved its useability.
During the post trial interviews, all of the volunteers indicated that they
felt comfortable and safe while moving their arms attached to AssistOn-
Arm. They also indicated that the device was ergonomic and gentle, while
it imposed the therapist determined trajectories during the patient passive
condition. The volunteers were satisfied with the workspace of the device
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and evaluated it as sufficiently large to perform most ADL.
Overall, the qualitative feedback provided by the therapists and vol-
unteers were positive, providing evidence for the user-friendliness and the
perceived safety of the device. The quantitative measurements also sup-




9 Conclusion and Future Works
We have presented the design, control, characterization and user evaluations
of AssistOn-Arm, a novel arm exoskeleton for robot-assisted rehabilita-
tion that enables mobilization of the shoulder girdle along with all shoul-
der rotations. We have derived kinematics and singularity-free workspace of
AssistOn-Arm and implemented an impedance controller with feed-forward
gravity compensation. We have verified the passive back-driveability and
control performance of the device with and without volunteers attached to
it.
Through user studies, we have verified the ease-of-use of the device and
showed that the workspace of AssistOn-Arm covers most of the reachable
workspace of human arm and its passively back-driveable shoulder module
permits shoulder mobilization during exercises, enabling natural movements
within the human RoM in an ergonomic manner.
9.1 Design Improvements for AssistOn-Arm
Design of the exoskeleton should, not only ensure mechanical transparency
for good force control performance, but also be safe and convenient for clinical
use. Possible collisions of the device with its user, the use of the device for
both right and left handed subjects are important design considerations for
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the usability of the device. Along these lines, several modifications have been
implemented to improve the real-life useability of AssistOn-Arm. Note that
while these changes improve the useability, they do not change the underlying
kinematics or controller of the system.
To implement internal/external rotation of the shoulder, a remote center
of rotation mechanism consisting of a C-shaped guide rail has been used in the
original design. However, in this implementation C-shaped guide may come
very close to human trunk during shoulder horizontal abduction/adduction
movements. While, collisions may be avoided with software limits, the user
experience and the workspace of the device are detrimentally effected. By
this guide, to resolve this problem, an alternative mechanism is used in the
modified design to implement the remote center of rotation (RCoR) of this
joint. The improved implementation of the shoulder internal/external rota-













Figure 9.1: Implementation of remote center of rotation mechanism for im-
proving perceived safety and useability of the device
Figure 9.3 depicts the kinematics of the RCoR mechanism. This mecha-
nism consists of two inter connected parallelogram mechanisms providing a
rotation axis for the shoulder internal/external rotation around the arm.
The mechanism is implemented to connect lower arm Body H to upper
arm Body U. Bodies U, B, C and F construct the first parallelogram between
Points ∆, Φ, Ψ and Σ. Similarly, Bodies U, B, C and D construct the second
parallelogram between Points ∆, K, M and Σ. The double parallelogram
system is connected to each other in such a way that a virtual parallelogram
spanning Points ΦKMΨ is constructed. With this assembly, one can verify
that Bodies D and F stay always parallel to ~u1. The end-effector of RCoR is
indicated by Body L. After Bodies D and F are connected to the end-effector
Body L via Points W and Y, a virtual revolute joint with rotation center
Point X is obtained. Parallelogram structure ensures that Bodies B and L
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rotate the same amount with respect to ~u1.
One can arrange the radius γ3 and the position of revolute center Point
X with via changing the link lengths γ1 and γ2. RCoR based shoulder in-
ternal/external rotation of AssistOn-Arm has a symmetrical workspace of
83o along both directions.
A second modification to original design is due to introduction of a clutch
mechanism that enables configuration of AssistOn-Arm for both right hand
and left hand usage. Figure 9.2 presents AssistOn-Arm on both arm con-
figuration. In order to change the direction of arm, the clutch is released,
rotated clockwise for 180◦ and re-locked. Then, the orthesis is replaced with
the proper arm. Finally, joint limit of the elbow joint is reconfigured.
R�ght-handed orthes�s
Clutch Left-handed orthes�s




























































































































































Passive gravity compensation mechanism developed for AssistOn-Arm
is explained in Section 4.8. As depicted in Figure 9.4 (a), this mechanism
has a parallelogram based kinematic structure to balance a load Mg at Point
La.
In order to employ the passive gravity compensation mechanism for both
left and right handed subjects, the workspace of the compensator device need
to be approximately doubled. For this purpose, symmetric parallelogram-
type of gravity compensation mechanism, illustrated with Figure 9.4 (b), is
designed. In order to prevent collision of the links of gravity compensation
mechanism and arm module of the exoskeleton, an auxiliary link between
Points Kb and Lb is introduced. Additional parallelogram linkages are added
to the design in order to ensure that link KbLb is vertical at all the times, so
that the vertical and horizontal movements of the compensation mechanism
do not affect each other. Spring forces F1a and F2a are exerted to Points Aa
and Ba via pulleys and cables.
Both parallelogram designs feature passive, spring based compensation of
the arm weight. On the other hand, springs required for these designs need
long strokes and exert high forces. Forces reaching up to 550N introduce
friction on routing pulleys and bearings, hindering passive back-driveability
of the system. Higher stroked springs with lower spring forces are not ideal
for integration to AssistOn-Arm due to dimension constraints.
Due to workspace limitations, additional complexity and high friction
problems of spring based gravity compensation mechanism, a counter-weight
based gravity compensation mechanism has been introduced to AssistOn-
Arm, as shown at Figure 9.4 (c). Experimental results show that counter-
weight based gravity compensation mechanism is more mechanically trans-
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parent and back-driveable with respect to spring-based counterparts. Pre-
sented in the schematic representation at Figure 9.4 (d), counter-weight based
compensator design has a pulley at Point Cf that halves the required force
for the gravity compensation, while doubling the required stroke for motion
of the counter weight. In order to achieve the desired stroke for the counter-
weight and situate the counter-weight at the base of AssistOn-Arm, routing
pulleys have been introduced to the design.
The workspace of AssistOn-Arm after these improvements is demon-
strated in Figure 9.5.
The cover design of the system is realized by an industrial design company,






































Figure 9.4: Representation of the gravity compensation mechanism options
for AssistOn-Arm: (a) spring-based mechanism for right handed use, (b)
spring-based mechanism developed for both right and left handed use, (c)
counter-weight based mechanism, and (d) schematics of the gravity compen-














































With the first human subject experiments ergonomic movement, workspace,
range of motion and useability of AssistOn-Arm have been verified. Effec-
tiveness of the modes of operation and benefits of rehabilitation protocols of
AssistOn-Arm will be studied with further clinical studies in the future.
Along these lines, our ongoing work includes clinical trial with a larger pop-
ulation of volunteers to support the results from the initial user studies with
more conclusive statistical analysis.
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Given the 3RRP mechanism is singularity free, a simplified kinematic model
can be employed to study the singular configurations of AssistOn-Arm.
In particular, the end effector motion of 3RRP mechanism can be modelled
with a revolute joint serially connected to two perpendicularly connected
prismatic joints in series, as depicted in Figure 9.6, to result in an equivalent
serial RPPPRRR kinematic chain.
While kinematic singularities for shoulder orientations are unavoidable
for the underlying kinematics that utilize only three rotations, the singular
configurations of AssistOn-Arm can be relocated to more favorable config-
urations within the workspace of the device, through introduction of oblique
rigid connections between the rotating bodies. To implement for such a con-
nection, Figure 9.6 introduces two design parameters β and γ that define
the tilting angles around unit directions of −→u2 and −→u3, respectively. With
this oblique connection member in place, the determinant of the kinematic
Jacobian for the upper-arm can be expressed as
det[Ju] = −cos(γ)cos(θ)− sin(β)sin(γ)sin(θ). (31)
which indicates that the singular configurations of the Jacobian depend on
























Figure 9.6: Schematic representation of simplified kinematics of AssistOn-
Arm used for singularity analysis
Vertically down arm posture may be useful during rehabilitation. In order
to shift the singular configuration away from the vertically down arm posture
without introducing large orientation changes between connecting parts, we
solve for the minimum tilting angles, such that the kinematic singularity is
relocated to θ = 92o. Figure 9.7 depicts the numerical solution of Eqn. (31)
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when θ = 92o. From this plot, the minimum tilting angles to relocate the
singular configuration can be determined as β = 8.5o and γ = 11.45o.
β  [rad]















β = 0.15 rad
γ  = 0.2 rad
Figure 9.7: Representation of tilting angles β and γ, after introducing them
in order to extent usable range of motion without singularities, when θ = 92o
and determinant of Ju is equal to zero
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